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ABSTRACT 
Nowadays, the designing of healthy foods and cooking processes for promoting the healthy 
life has more received attention. This research aims to examine the impact of cooking method 
on cooked rice qualities including the nutritional changes during simulated in vitro digestion. 
Three cultivars of Thai pigmented rice were selected as sample materials due to their beneficial 
effects in term of functional and therapeutic properties, consisting of Hom Nin cultivar (non-
waxy black rice), Red Hommali cultivar (non-waxy red rice), and Kum Luempua cultivar 
(waxy purple rice). The bioactive compounds and antioxidant activities of raw materials were 
analyzed. All rice sample was soaked and cooked using microwave-cooking (i.e. modern 
cooking style) and steam-cooking (i.e. conventional cooking method). After cooking, the 
morphological attribute, physical and chemical properties, bioactive compounds, antioxidant 
activities, in vitro starch digestibility, and change of bioactive compounds and antioxidant 
activities during simulated in vitro digestion were investigated for all cooked samples. The 
results showed that bioactive compounds and antioxidant activities were remarkably found in 
dark pigmented rice rather than in pale pigmented rice, with varying the value from Kum 
Luempua, Hom Nin, and Red Hommali cultivars, respectively. However, the cooking process 
has significant effect on degradation of these bioactive compounds and antioxidant activities. 
In addition, water absorption towards rice grain during cooking could influence the disruption 
of morphological structure and different moisture content of each cooked rice. Microwave-
cooked rice showed higher adhesiveness (i.e. stickiness) than steam-cooked rice, but their 
firmness was not different. Moreover, no significant difference found in resistant starch content 
(%) between two cooking method. All non-waxy cooked rice also showed the same Vh-type 
crystalline pattern, varying the degree among rice cultivars and cooking method. Meanwhile, 
no crystallinity found in cooked waxy rice. The change of Vh-type crystallinity could be 
indicated as a parameter affecting the in vitro starch digestibility. Nevertheless, morphological 
grain attribute and acid-base condition of the digestion model might influence the releasing of 
bioactive compounds and antioxidant activities during simulated in vitro digestion. Based on 
the results can be concluded that microwave-cooking could be an alternative cooking method 
for preserving high antioxidant effect and apply shorter cooking time. Meanwhile, steam-
cooking provides good effect on low starch digestibility.    
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ABSTRACT (日本語) 
今日，より健康な生活を推進するための健康的な食品や調理法の考案が注目を集め
ている．本研究は，in vitro の模擬消化系での栄養変化も含めた米飯の品質に対する
炊飯法の影響を検討することを目的としている．機能的および治療的特性の観点か
ら有益な効果を有する 3 品種のタイ産有色米，Hom Nin cultivar（うるち，黒色米），
Red Hommali cultivar（うるち，赤色米），Kum Luempua cultivar（もち，紫色米）を
供試材料として選択した．それら生試料の生理活性物質および抗酸化活性を分析し
た．試料はそれぞれ浸漬した後，電子レンジ炊飯（すなわち現代的炊飯様式）や蒸
し炊飯（すなわち従来の炊飯様式）で炊飯した．炊飯後，得られた米飯粒の形態的
特徴，物理的および化学的特性，抗酸化活性，生理活性物質，in vitro でのデンプン
消化性，および模擬消化中の抗酸化性生物活性物質の変化を調べた．その結果，生
理活性物質と抗酸化活性は淡色よりも濃色の品種（Red Hommali, Hom Nin, Kum 
Luempua の順）でより顕著に見出された．しかしながら，炊飯法はそれら生理活性
物質および抗酸化活性の劣化に対してより著しい影響を示した．さらに炊飯中にお
ける米粒の水分吸収は，形態的構造の破断や各品種で異なる含水率などに影響を及
ぼし得ることが示唆された．より強い付着性を示していたものの，レンジ炊飯米の
かたさは蒸し米のものに匹敵し得た．また，炊飯方法による難消化性デンプン含有
量の有意な差は見出されなかった．うるちの米飯はすべて同一の Vh型結晶構造パタ
ーンを示したが，その程度は品種間や炊飯方法で異なった．一方，もちでは結晶構
造は確認されなかった．Vh型の結晶状態は in vitroでの糖質消化性に影響を及ぼされ
るパラメータとして示された．ただし，生理活性物質および抗酸化活性の模擬消化
中での変化は，粒の構造属性や酸を基準状態とした消化モデルの特性から影響を受
ける可能性もあると考えられた．本研究の結果に基づくと，レンジ炊飯法は短時間
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の炊飯時間や高い抗酸化効果を維持するための炊飯法として代替しうる．一方で，
蒸し炊飯では糖質消化性の低い米飯を得られた． 
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CHAPTER 1 
General introduction  
 
1.1 Background 
Rice is a major cereal crop that is consumed as staple food by around half of the world’s 
population (Sompong, Siebenhandl-Ehn, Linsberger-Martin, & Berghofer, 2011). Around 95% 
of rice are cultivated in Asia, which accounted for 33.4 tones of the cultivation in Thailand 
(FAOSTAT, 2019). However, in a world of rapidly changing food habits and stressful life 
styles, healthy digestive system is essential for overall quality of life. Recently, designing of 
healthy foods and cooking processes those contribute to a healthy digestive system are more 
developed. Among staple foods, pigmented rice that characterized as unpolished black, red, 
blue, or purple colored located in the pericarp and aleurone layers of rice (Kushwaha, 2016), 
received more interesting due to their health beneficial effects. Many countries in South-eastern 
Asia such as China, Sri Lanka, Indonesia, and Thailand are responsible as the major cultivation 
area of pigmented rice, especially black rice. Thailand has been reported as the ninth position 
of cultivation area (Kushwaha, 2016).  
Phenolic compounds are well-known bioactive compounds that existed in pigmented rice. 
They contain one or more aromatic rings with one or more hydroxyl groups which can be 
classified into phenolic acids, flavonoids, tannins, stilbenes, coumarins, and lignans (Dai & 
Mumper, 2010; Liu, 2007). Anthocyanins, a group of flavonoids, are the major phenolic 
compounds in pigmented rice, which act as antioxidant substances and have health promoting 
activity (Chakuton, Puangpronpitag, & Nakornriab, 2012; Walter & Marchesan, 2011). 
Pigmented rice also be known as a good source of minerals and vitamins as well (Yodmanee, 
Karrila, & Pakdeechanuan, 2011). In addition, pigmented rice has been known to possesses 
higher phenolic compounds and antioxidant activities than that of normal brown rice, varying 
the concentration from black pericarp, red pericarp, and light brown pericarp colored rice, 
respectively (Walter et al., 2013). The previous study (Kim et al., 2013) also reported that the 
consumption of black rice (containing high anthocyanins content) for 8 weeks has caused the 
reduction of weight gain and cellular lipids in an animal study. 
Apart from antioxidant substance, carbohydrate also be a major macronutrient of rice that 
could be accounted as starch content for 90% (db.) (Arendt & Zannini, 2013). The composition 
of starch content is amylose and amylopectin, which are one of several criterions used to 
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classify the type of rice starch. High proportion of amylose starch could indicate as non-waxy 
rice starch, whereas the waxy rice starch generally exhibits more amylopectin content (Wani 
et al., 2012). Furthermore, high proportion of amylose content has been reported to influence 
the increment of resistant starch (Sagum & Arcot, 2000). Resistant starch is known as the starch 
fraction that tolerate digestion during the gastrointestinal tract, but would be then fermented by 
microflora in the colon which is good for colonic health (Utrilla-Coello, Agama-Acevedo, 
Osorio-Díaz, Tovar, & Bello-Pérez, 2011). Normally, resistant starch can be divided into five 
sub-categories according to the physical and chemical properties. Resistant starch type 1 (RS1), 
physically inaccessible to digestion by entrapment in a non-digestible matrix, such as whole 
grains. Resistant starch type 2 (RS2), ungelatinized starch and is often present in banana and 
raw potato. Resistant starch type 3 (RS3), processed/retrograded starch, and is mostly formed 
when cooked starchy foods, like cereal grains and tubers, are cooled (Vatanasuchart, Niyomwit, 
& Wongkrajang, 2009). Resistant starch type 4 (RS4), chemical modification of starch. 
Resistant starch type 5 (RS5), the starch in which the amylose component complexes with 
lipids (amylose–lipid complexes), which improves its thermal stability (Kumar et al., 2018). 
The recent study suggested that rice contains RS5, which higher resistant starch could have an 
effect on retarding of starch digestion and low glycemic response (Kumar et al., 2018).  
Notwithstanding, there are several factors influencing the starch digestion other than 
resistant starch. This includes the starch granule structure, the interaction between starch and 
other components, as well as food processing (Bi et al., 2017; Shumoy & Raes, 2017). The 
starch granules compose of amorphous and crystalline regions, known as starch crystallinity. 
This can be defined as the arrangement of external unbranched and single-branched chains of 
amylopectin that form single helices, double helices, and crystalline clusters (Bi et al., 2017; 
Witt, Doutch, Gilbert, & Gilbert, 2012). The single helices exhibit the V-type crystalline 
structure, which arises from the formation of amylose–lipid complexes (Witt et al., 2012). The 
double helices can be characterized as A-, B-, and C-type crystals. A-type starch granules are 
mostly found in cereal starch, whereas, the B-type structures occur mainly in tubers, roots, and 
high amylose starch. C-type crystalline structures are a mixture of A- and B-type starch 
granules and are mostly present in the native starch of legumes, and some roots and fruits 
(Wang & Copeland, 2013). Among these crystalline polymorphs, A-type structures exhibit 
high susceptibility to enzymatic digestion, followed by C- and B-type structures, respectively 
(Bi et al., 2017). Earlier research confirmed that the high content of A-type crystals, found in 
some types of banana starch (Bi et al., 2017) and rice starch (Kang, Kim, Rico, & Nam, 2011), 
is related to an increase in the starch hydrolysis rate of the samples.  
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To study the starch digestibility of food like cooked rice, in vitro and in vivo approaches 
are normally applied (Wani et al., 2012). Similar to in vivo approaches for studies in animals 
and humans (Dona, Pages, Gilbert, & Kuchel, 2010; Hur, Lim, Decker, & McClements, 2011), 
the in vitro digestion technique, which simulates the gastrointestinal tract by using digestive 
enzymes, is widely used because it requires less time and has a lower processing cost than the 
in vivo approaches (Rodríguez-Roque, Rojas-Graü, Elez-Martínez, & Martín-Belloso, 2013). 
Besides, the largest advantage of using an in vitro model is that changes in sample attributes 
like morphological shape, physicochemical characteristics, etc. during simulated digestion can 
be examined (Tamura, Singh, Kaur, & Ogawa, 2016). Moreover, this technique can be applied 
to study the change of bioactive compounds and antioxidant activity in many kinds of food 
(Hur et al., 2011; Rodríguez-Roque et al., 2013; Ti, Zhang, Li, Wei, & Zhang, 2015). The 
recent study (Ratseewo, Warren, & Siriamornpun, 2019) also applied the in vitro digestion 
technique to investigate rice starch digestibility. They revealed that pigmented rice gave lower 
starch digestibility than non-pigmented rice, which this might be related to presence of 
anthocyanins in pigmented rice that has been reported as digestive enzyme inhibitor. Low 
starch digestibility could be used to predict the low glycemic index, which would be involved 
with management and prevention of obesity and diabetes (Dona et al., 2010; Hettiaratchi, 
Ekanayake, & Welihinda, 2012).     
Pigmented rice is cooked and generally consumed similar manner as brown rice grain. 
Several cooking methods include both conventional method (e.g., electric rice cooker, boiling, 
and steaming) and advanced technology (e.g., microwave and high-pressure steam) can be 
applied (Khatoon & Prakash, 2007; Surh & Koh, 2014; D. Xu et al., 2019). Applying of 
different cooking methods could affect to different physicochemical properties, structure, 
extent of starch digestion, and bioactive compounds of cooked rice. The previous studies have 
been demonstrated that anthocyanins content in black rice was dramatically decreased after 
cooking process varying the concentration among cooking methods (Hiemori, Koh, & Mitchell, 
2009; Surh & Koh, 2014). Additionally, the study of Tamura et al. (2014a) revealed that the 
visible cell wall disruption would be developed during high heating temperature of rice cooking 
due to facilitating of cooking water. Likewise, increasing of microwave power output (from 
384 W to 539 W) affected the development of stress crack and explosion of brown rice grain 
(Zhong et al., 2013). Even if there have been researched on the effect of cooking process on 
physicochemical properties, starch digestion and antioxidant components of rice, only few 
researches focused on pigmented rice sample.  
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1.2 Objectives 
1.2.1 To determine the bioactive compounds and antioxidant activities of pigmented rice. 
1.2.2 To observe the morphological structure of cooked pigmented rice. 
1.2.3 To study the impact of cooking methods on physical, chemical, starch fractions, and 
bioactive compounds and antioxidant activities of cooked pigmented rice. 
1.2.4 To investigate the effect of cooking methods on kinetic starch hydrolysis, and change 
of bioactive compounds including antioxidant activities of cooked pigmented rice 
during in vitro digestion.    
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CHAPTER 2 
In vitro examination of starch digestibility and changes in 
antioxidant activities of selected cooked pigmented  
 
2.1 Introduction 
 Rice (Oryza Sativa L.) is the main cereal grain consumed and cultivated in the world, 
especially in Asia. There are various rice cultivars, which can be classified by color. Red, 
purple, and black rice belong to a group of pigmented rice and are currently being spotlighted 
because they contain high antioxidant activities and natural bioactive compounds. Phenolic 
compounds are well-known bioactive compounds that can be classified into phenolic acids, 
flavonoids, tannins, stilbenes, coumarins, and lignans (Dai & Mumper, 2010; Liu, 2007). 
Anthocyanins, a group of flavonoids, are the major bioactive compounds, which act as 
antioxidant substances and have health-promoting activity (Chakuton et al., 2012). Pigmented 
rice is a good source of minerals and vitamins as well as bioactive compounds (Yodmanee et 
al., 2011), as mentioned above. Nowadays, the consumption and production of pigmented rice 
is increasing in Southeastern Asia, especially in Thailand. 
 Pigmented rice is cooked and consumed in a similar manner as normal brown rice 
because only the pericarp contains the color. The cooking method consists of soaking the rice 
in water and heating it using a normal rice cooker (usually for non-waxy rice) or steamer (for 
waxy rice). Heating of the soaked rice grains can cause gelatinization of starch, which is the 
main carbohydrate of the rice endosperm. During the heating process, gelatinization causes the 
grain to swell, thus producing morphological damage to the tissue structures (Horigane et al., 
1999; Tamura et al., 2014a). Of note, mastication causes some damage as well. 
 In this study, changes in starch hydrolysis, content of bioactive compounds, and 
antioxidant activities of the intact grains of cooked pigmented rice during simulated in vitro 
gastrointestinal digestion were examined by comparing with their homogenized slurry states. 
 
2.2 Materials and methods 
2.2.1 Samples 
Purple, waxy, long-grain rice (cv. Kum Luempua) was purchased from Smile Rice 
Brand, Chaiyaphom, Thailand; black, non-waxy, long- grain rice (cv. Hom Nin) was purchased 
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from Mae Jan District, Chiang Rai, Thailand; and red, non-waxy, long-grain rice (cv. Red 
Hommali) was purchased from Pen Sook Company, Bangkok, Thailand. Rice samples were 
kept in a refrigerator at 4 °C before experiments. 
 
2.2.2 Chemicals 
Pepsin (P7000, porcine gastric mucosal, ≥ 250 units/mg solid), pancreatin (hog 
pancreas, 4× USP), and invertase (Invertase, from baker's yeast, grade VII, ≥ 300/mg solid) 
were purchased from Sigma- Aldrich Ltd. (St. Louis, MO, USA). Amyloglucosidase (3260 
U/ml) was purchased from Megazyme International Ireland Ltd. (Wicklow, Ireland). Lemosol 
reagent and Folin-Ciocalteu's phenol reagent were purchased from Wako Pure Chemical 
Industries, Ltd. (Osaka, Japan). Immersion reagent (MP500) was purchased from Matsunami 
Glass Industries, Ltd. (Osaka, Japan). Gallic acid monohydrate, 2,2-diphenyl- 1-picrylhydrazyl, 
2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), trolox-6-hy-droxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid and potato amylose (A0512) were purchased from Sigma-Aldrich Ltd. Sodium 
carbonate, sodium acetate, potassium chloride, and ferrous sulphate were purchased from Ajax 
Finechem Pty Ltd. (Wellington, New Zealand). Hydrochloric acid and ferric chloride were 
purchased from Merck Ltd. (Kenilworth, NJ, USA). 
 
2.2.3 Cooking method and sample preparation 
A modified experimental cooking method used previously (Tamura et al., 2014a) was 
applied in this study. Rice grain (30 g) was weighed into a 100-ml beaker and soaked in 45 ml 
of distilled water. Then, the beakers containing Hom Nin or Red Hommali were placed in a 
water bath at 30 °C for 30 min. The beakers were then placed in an electric rice cooker (TK-
RC12, Eupa, Tokyo, Japan) with 250 ml of distilled water and heated for 45 min. For Kum 
Luempua, the grain sample was placed in a water bath at 30 °C for 19 h. The soaked grain was 
steamed for 45 min using a steamer, according to the usual Thai cooking method. After cooking, 
the cooked samples were wrapped in plastic film and incubated at 30 °C for 30 min to 
homogenize the moisture in the grain. A portion of the cooked grain sample was homogenized 
using a household blender (THM310, TESCOM, Tokyo, Japan) for 2 min to obtain its slurry. 
Apparent amylose content of the sample rice grains was determined by the modified Juliano's 
method using potato amylose as a standard (Tamura et al., 2014b). Total starch content of the 
cooked grain samples was determined using a total starch assay kit (K-TSTA 07/11, Megazyme 
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International, Wicklow, Ireland). Moisture content (% d.b.) of the cooked grain samples was 
measured and calculated, according to the standard AOAC method (AOAC, 1995). 
 
2.2.4 Microscopy 
To observe the morphological tissue structures of the grain samples, the preparation 
method of Tamura and Ogawa (2012) was applied. Rice grain samples were fixed, dehydrated, 
and embedded in a paraffin block, followed by sectioning using a microtome (SM2000R, Leica, 
Wetzlar, Germany) equipped with disposable blades (S35 type, Feather, Osaka, Japan). 
Sectioned samples (20 μm thick) were attached to clear adhesive tape, the remaining paraffin 
was re- moved by immersion in hot lemosol reagent, and the samples were placed on a glass 
slide. Then, immersion reagent was dropped on the glass slide, and a cover slide was added on 
top. A fluorescent stereomicroscope (MZ-FLIII, Leica) was used to obtain microscopic grain 
tissue images, which were captured by a digital camera (DS-5 M, Nikon, Tokyo, Japan) 
attached to the microscope. 
 
2.2.5 Simulated in vitro digestion 
The simulated in vitro digestion model consisting of gastric and small intestinal 
digestion phases was employed in this study, according to the method described by Dartois, 
Singh, Kaur, and Singh (2010). Cooked rice grain and slurry samples were added into the 
reactor, followed by distilled water, to give a final starch concentration of 4% in the mixture. 
The reactor jacket was connected to a circulatory water bath at 37 °C. The samples were 
digested for 30 min in the simulated gastric phase by adding simulated gastric fluid                   
(pH 1.20 ± 0.01) containing pepsin. Then, simulated small intestinal fluid (pH 6.80 ± 0.01) 
containing pancreatin, invertase, and amyloglucosidase was added to the reactor for simulating 
the small intestinal phase. Supernatant samples were collected for D-glucose, bioactive 
compounds, and antioxidant activity determination at 0, 5, and 30 min in the gastric phase. 
After the assay was continued to the small intestinal phase, samples were collected at 35, 40, 
45, 60, 120, 150, and 180 min for the slurry samples. For the grain samples, the assay was 
continued to monitor digestion for 1470 min. 
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2.2.6 Glucose content and kinetics of starch hydrolysis 
Glucose measurements were carried out using a D-glucose assay kit (GOPOD Format 
K-GLUK 07/11, Megazyme International). Samples taken during in vitro digestion were 
centrifuged at 1800×g for 10 min. One hundred microliters of supernatant was digested with 
0.5 ml of invertase/amyloglucosidase in acetate buffer at pH 5.20 (Monro, Mishra, Blandford, 
Anderson, & Genet, 2009) and incubated in a water bath at 37 °C for 10 min. Then, 0.1 ml of 
the mixture was combined with 3 ml of GOPOD solution and incubated in a water bath at 50 °C 
for 20 min. The concentration of glucose was measured at 510 nm using a spectrophotometer 
(V-630bio, Jasco, Tokyo, Japan) within 1 h. The results were represented as a percentage of 
starch hydrolysis using the equations below; 
%SH = Sh/Si = 00.9 × Gp/Si 
where: %SH is the percentage of starch hydrolysis, Sh is the amount of hydrolyzed starch, Si 
is the initial amount of starch, and Gp is the amount of produced glucose. A conversion factor 
of 0.9, which is generally calculated as the ratio of the molecular weight of the starch monomer 
to the molecular weight of glucose (162 / 180 = 0.9), was used (Goñi, Garcia-Alonso, & Saura-
Calixto, 1997). 
The first-order equation model following (Goñi et al., 1997), as shown below, was 
applied to describe the kinetics of starch hydrolysis. 
C = C∞(1–exp–kt) 
where: k is the kinetic constant, t is time, C corresponds to the percentage of hydrolyzed starch 
at time t, and C∞ is the equilibrium concentration of starch in the simulated small intestinal 
phase. 
The hydrolysis index (HI), which indicates the starch hydrolysis of a sample, was 
calculated from dividing the area under the starch hydrolysis curve during the simulated small 
intestinal phase by the starch hydrolysis area of a reference sample (white bread). The estimated 
glycemic index (eGI), which indicates the carbohydrates consumed in different types of food 
based on the postprandial level of blood glucose, was calculated according to the equation 
described by Goñi et al. (1997); 
eGI = 39.71 + 0.549HI 
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2.2.7 Bioactive compounds and antioxidant activities 
Total phenolic content was determined according to ISO14502-1 (2005). One 
microliter of sample was mixed with 5 ml of 10% v/v Folin-Ciocalteu's reagent, and then 4 ml 
of 7.5% w/v sodium carbonate solution was added. The mixture was incubated at room 
temperature for 1 h, and the absorbance was measured at 765 nm. The total phenolic content 
was expressed as mg of gallic acid equivalents/100 g of sample. The total anthocyanin content 
was analyzed according to Giusti, Rodríguez-Saona, and Wrolstad (1999). The sample was 
mixed with potassium chloride solution (pH 1.0) and sodium acetate buffer (pH 4.5) (1 part 
sample to 4 parts buffer). The mixture was incubated at room temperature. After incubation for 
25 min, the absorbance of the mixture was measured at 520 nm and 700 nm, respectively, 
within 20–50 min. The total anthocyanin content was expressed as cyanidin-3-glucoside 
equivalents (mg/L). 
The DPPH assay was used to determine the radical scavenging activity. The DPPH 
radical accepts an electron to become a stable diamagnetic molecule, and the color changes 
from purple to yellow during the reduction reaction (Masisi, Beta, & Moghadasian, 2016). The 
DPPH-radical scavenging activity was measured according to the method of (Molyneux, 2004), 
using Trolox as a standard. A 50 μl aliquot of sample was mixed with 1950 μl of DPPH solution, 
and the mixture was incubated at room temperature in the dark for 30 min. The absorbance was 
measured at 517 nm, using methanol as the blank. The result was expressed as μmol of Trolox 
equivalents/100 g of sample. The FRAP assay was used to measure the reducing potential of 
an antioxidant reacting with the ferric complex. Ferric reduction is often used as an indicator 
of electron donating activity and can be strongly correlated with other antioxidant properties 
(Benzie & Strain, 1996). The FRAP assay was slightly modified from the method of Benzie 
and Strain (1999), using ferrous sulphate as the standard. A 200 μl aliquot of sample was mixed 
with 1.3 ml of FRAP reagent containing 300 mM acetate buffer (pH 3.6), 10 mM TPTZ in 40 
mM HCl, and 20 mM FeCl3 (10:1:1, v/v/v). The mixture was incubated at 37 °C for 30 min, 
and then the absorbance of the mixture was measured at 595 nm. The result was expressed as 
μmol of ferrous sulphate equivalents/100 g of sample. 
 
2.2.8 Statistical analysis 
The data were subjected to analysis of variance to identify differences among means by 
Duncan's multiple range test using SPSS software (version 20.0). P < 0.05 was considered to 
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be a significant difference. Assays were carried out in triplicate. Parameter estimation for the 
kinetics of starch hydrolysis was carried out using Igor Pro software (ver. 4.01, Hulinks Inc., 
Tokyo, Japan). 
 
2.3 Results 
2.3.1 Sample attributes 
Figure 2.1 shows the morphological grain structures of uncooked and cooked rice 
samples of each cultivar. Some cracks appeared on the ventral side of the cooked grains (Figure 
2.1d-f), which must have been generated by water penetration during cooking. Meanwhile, no 
large cracks found in the uncooked grains (Figure 2.1a-c). The Kum Luempua (Figure 2.1f), 
which was cooked by steaming, produced larger disruption in the internal grain tissue involving 
endosperm cells than the Hom Nin (Figure 2.1d) and Red Hommali (Figure 2.1e) (see arrows). 
The apparent amylose content (%), moisture content (%), total starch content (%), and resistant 
starch content (%) of the sample cooked grains are shown in Table 2.1. There were significant 
differences in the apparent amylose content (%) among the three cultivars. The highest amylose 
content (%) was found in Hom Nin, followed by the Red Hommali and Kum Luempua, 
respectively. However, the total starch content (%) was the highest in Red Hommali, followed 
by Kum Luempua and Hom Nin; whereas, Kum Luempua and Hom Nin had a significantly 
higher resistant starch content than Red Hommali. 
 
Table 2.1 Apparent amylose content, moisture content, total starch content, and resistant starch 
content of pigmented rice grains. 
Rice cultivar Amylose content  (% dry matter) 
Moisture 
content  
(% dry basis) 
Total starch 
content 
(% dry basis) 
Resistant 
starch content  
(% dry basis) 
Hom Nin 28.05 ± 1.47a 18.87 ± 0.29b 76.26 ± 0.74b 0.30 ± 0.01a 
Red Hommali 20.75 ± 1.50b 19.10 ± 0.47b 81.19 ± 2.25a 0.14 ± 0.05b 
Kum Luempua 8.38 ± 1.32c 21.99 ± 0.82a 76.91 ± 1.39b 0.29 ± 0.02a 
a-c Different superscripts in each column indicate significant differences (p < 0.05). The results 
were expressed as the mean ± standard deviation (n = 3). 
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Figure 2.1 Morphological structures of the uncooked and cooked rice samples. Uncooked Hom 
Nin (a), Red Hommali (b), and Kum Luempua (c). Besides, Hom Nin (d) and Red Hommali 
(e) were cooked by electric rice cookers, respectively; and Kum Luempua (f) was cooked by 
steaming. The scale bar indicates 1 mm. 
 
2.3.2 Changes in starch hydrolysis during in vitro digestion 
Figure 2.2 shows changes in the starch hydrolysis percentages of the cooked grain and 
slurry samples during in vitro digestion, in which the simulated gastric phase was from 0 to 30 
min and the simulated small intestinal phase was after 30 min. In this study, starch was 
hydrolyzed during simulated small intestinal phase until it reached equilibrium state at 120 and 
1440 min of slurry and grain samples, respectively. The increase of starch hydrolysis (%) 
started at the beginning of the small intestinal phase, and the hydrolysis (%) of each slurry 
sample at the same digestion time was larger than that of the respective grain sample. The 
results also demonstrated that both the grain and slurry of Kum Luempua showed less starch 
hydrolysis (%) at the equilibrium state than those of Hom Nin and Red Hommali. A first-order 
equation model was used to calculate the kinetics of starch hydrolysis changes and the 
estimated glycemic index of the samples after in vitro digestion (Table 2.2). Comparison of 
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equilibrium starch hydrolysis (%) (C∞) among cultivars showed no significant differences 
between the grain and slurry in each cultivar. Nevertheless, the kinetic constant, hydrolysis 
index, and estimated glycemic index of the slurry samples were significantly greater than those 
of the grain samples. 
 
 
Figure 2.2 Changes in starch hydrolysis (%) during in vitro digestion of grain (a) and slurry 
(b) samples. 
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Table 2.2 Equilibrium percentages of starch hydrolysis (C∞), kinetic constant (k), hydrolysis 
index (HI), and estimated glycemic index (eGI) of three rice cultivars for grain samples and 
their slurries. 
 
a-d Different superscripts in each column indicate significant differences (P < 0.05). 
 
2.3.3 Changes in the amount of bioactive compounds during in vitro digestion 
The changes in total phenolic content and total anthocyanin content of the cooked 
grains and their slurries during in vitro digestion are shown in Figure 2.3. Similarly to starch 
hydrolysis, the total phenolic content of both the grains (Figure 2.3a) and slurries (Figure 2.3b) 
continuously increased during the simulated gastric and small intestinal phases. In contrast, 
changes in the total anthocyanin content of the grains (Figure 2.3c) and slurries (Figure 2.3d) 
during simulated digestion demonstrated that the contents sharply increased during the 
simulated gastric phase but decreased at the beginning of the simulated small intestinal phase. 
Differences in bioactive compounds among the rice cultivars were also found. Hom Nin (black 
pigmented rice) showed a higher total phenolic content and total anthocyanin content than the 
other cultivars, in both the grains and slurries; and Red Hommali (red pigmented rice) and Kum 
Luempua (purple pigmented rice) showed less total anthocyanin content. 
 
Rice cultivar C∞ (%) k (min-1) HI eGI 
Hom Nin 
Slurry 
Grain 
 
79.10 ± 4.20a 
 
0.2395 ± 0.07a 
 
93.47 ± 1.34a 
 
91.02 ± 0.74a 
78.72 ± 6.17a 0.0072 ± 0.00b 42.04 ± 0.59cd 62.79 ± 0.33cd 
Red Hommali 
Slurry 
Grain 
 
76.55 ± 5.13a 
 
0.3306 ± 0.17a 
 
90.17 ± 1.63a 
 
89.21 ± 0.90a 
76.52 ± 6.68a 0.0089 ± 0.00b 47.03 ± 0.20c 65.53 ± 0.11c 
Kum 
Luempua 
Slurry 
Grain 
 
 
59.58 ± 2.18b 
 
 
0.1756 ± 0.03ab 
 
 
70.03 ± 0.49b 
 
 
78.16 ± 0.27b 
58.33 ± 8.68b 0.0097 ± 0.00b 37.46 ± 4.80d 60.27 ± 2.63d 
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Figure 2.3 Changes in total phenolic content (a, b) and total anthocyanin content (c, d) for 
grain (a, c) and slurry (b, d) samples during in vitro digestion. GAE stands for gallic acid 
equivalents. 
 
2.3.4 Changes in antioxidant activity during in vitro digestion 
Figure 4 shows changes in 2,2-diphenyl-1-picrylhydrazyl (DPPH)-radical scavenging 
activity (Figure 2.4a, b) and the ferric reducing antioxidant power (FRAP) value (Figure 2.4c, 
d) during simulated digestion. In comparison with the small intestinal phase, the DPPH-radical 
scavenging activity for both the grains (Figure 2.4a) and slurries (Figure 2.4b) in the gastric 
phase was quite higher, and it sharply decreased at the beginning of the simulated small 
intestinal phase. In contrast, the FRAP value tended to increase slightly with digestion time 
during simulated digestion for the grain samples (Figure 2.4c). These trends were different 
patterns from those of the slurry samples (Figure 2.4d), which were depicted as almost flat 
when the assay was carried out in the simulated small intestinal phase. The order of cultivars 
for both grains (Figure 2.4a) and slurries (Figure 2.4b) in terms of changes in DPPH-radical 
scavenging activity was mostly the same. However, the FRAP values of Kum Luempua grain 
(Figure 2.4c) were decreased and apparently lower than Red Hommali when they became 
slurries (Figure 2.4d). In comparison with the other cultivars, the Hom Nin was the most 
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effective in terms of antioxidant activity for both the grains and slurries because it belongs to 
a group of black rice (Yao, Sang, Zhou, & Ren, 2010). 
 
 
Figure 2.4 Changes in DPPH-radical scavenging activity (a, b) and FRAP values (c, d) of grain 
(a, c) and slurry (b, d) samples during in vitro digestion. 
 
2.4 Discussion 
Normally, cracks on the cooked rice grain are related to water penetration during 
soaking and/or cooking, thus resulting in cell-scale disruptions of the grain tissue (Akemi 
Katsumi Horigane, Suzuki, & Yoshida, 2013; Horigane et al., 1999). Previous study has 
revealed that different cooking methods can affect the occurrence of cracks on the cooked 
grain; in particular, the steaming process can produce voids in a grain by phase transition 
(Ogawa, Glenn, Orts, & Wood, 2003). In this study, Kum Luempua was cooked by steaming, 
and the rice grains underwent a longer soaking time than the other method using a rice cooker. 
Therefore, the resulting cracks were more developed on the rice grain (see Figure 2.1). In 
addition, the longer soaking time could be one of the reasons for the significantly higher 
moisture content in Kum Luempua than in the Hom Nin and Red Hommali. These findings 
were similar to those found by Soponronnarit, Nathakaranakule, Jirajindalert, and Taechapairoj 
(2006), which reported that the moisture content of parboiled brown rice increased with an 
increasing soaking time due to water uptake by the rice grain. Meanwhile, amylose is regarded 
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as a type of resistant starch; thus, rice with a higher amylose content generally contains a certain 
amount of resistant starch (Kim, Mullan, Hampson, & Pluske, 2006). However, Kum Luempua 
(waxy rice), which contains a lower amylose content than the Red Hommali and Hom Nin 
(non-waxy rice), showed a relatively higher percentage of resistant starch content than Red 
Hommali (Table 2.1). This result could be due to other factors influencing the increase of 
resistant starch content, such as carbohydrate-protein interactions, amylose-lipid complex 
formation, and/or starch retrogradation (Guha, Shetty Umesh, Reddy, & Malleshi, 2011). 
Interaction between lipid, protein, and starch could be occurred by disulfide bond-linked 
protein aggregate and electrostatic interactions among carboxyl groups. Starch could be 
modified during amylose-lipid complex formation, resulting in retardation of starch 
retrogradation and increment of gelatinization temperature, thus starch hydrolysis was 
weakened (Parada & Santos, 2016). Previous studies that investigated resistant starch in rice 
cooked by steaming also have revealed that more changes in the starch complex structure occur 
during cooking and that cooling affects resistant starch formation to a higher extent (Guha et 
al., 2011; Kim et al., 2006). Regarding the total starch content, Red Hommali showed a 
significantly higher percentage than the other cultivars. This outcome might be due to less 
damage of the grain structures (see Figure 2.1), which could be related to a decreased release 
of leaching materials like starchy fragments (Ogawa et al., 2003). 
The results of starch hydrolysis changes during in vitro digestion demonstrated that the 
starch hydrolysis for both the grains and slurries began from 30 min of digestion time within 
the simulated small intestinal phase (see Figure 2.2) due to pancreatic α-amylase in the 
simulated small intestinal fluid, which can hydrolyze starch to maltose and glucose (Dona et 
al., 2010; Hur et al., 2011). Therefore, the curve fitting method by the first-order equation could 
be applied at the simulated small intestinal phase (Goñi et al., 1997). The slurry samples 
showed a significantly higher kinetic constant, hydrolysis index, and estimated glycemic index 
than the grain samples (Table 2.2) because of differences in the morphological structures 
(Tamura et al., 2016). Thus, the structural destruction could influence the hydrolysis rate and 
estimated glycemic index but not the equilibrium hydrolysis percentage (Tamura et al., 2016). 
On the contrary, the lowest parameters, except the kinetic constant of the grain sample, were 
found in Kum Luempua (waxy rice) compared with the other cultivars (non-waxy rice). 
Normally, waxy rice like Kum Luempua contains less amylose content. Such low amylose 
starch had low hydrogen bonding between chains. This induced weak arrangement in the starch 
crystalline structure, resulting in a greater susceptibility to enzymatic hydrolysis and an 
increment of kinetic rate constant (Jane, Wong, & McPherson, 1997). However, a previous 
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study (Panlasigui et al., 1991) reported that starch digestion and the glycemic index were not 
influenced by amylose content, but they depend on a high gelatinization temperature, cooking 
time, and volume expansion of the cooked rice. Hsu, Chen, Lu, and Chiang (2015) also reported 
that the temperature of the rice cooked by using traditional electronic cooker showed rapidly 
increased, leading to more rapid starch gelatinization and therefore higher starch digestibility. 
In contrast, starch structure of cooked rice might be changed during steaming process, resulting 
in low value of rapidly digestible starch (RDS), large amount of slowly digestible starch (SDS), 
and increase of resistant starch which related to reduce starch hydrolysis (Rashmi & Urooj, 
2003). In addition, the interaction of phenolic compounds with starch molecular and/or 
enzymes could be one factor affecting starch digestibility, which was supported by Camelo-
Méndez, Agama-Acevedo, Sanchez-Rivera, and Bello-Pérez (2016). It reported that the 
interaction between anthocyanins and starch contributed to increasing of resistant starch 
content and reducing of the rapidly digestive starch content. These changes were related to the 
concentration of anthocyanins in blue maize extracts. The same observation was also found in 
study of An, Bae, Han, Lee, and Lee (2016). They showed the presence of phenolic compounds 
in black rice related to high resistant starch content, and effectively inhibited digestive enzyme 
activities, which retarded in vitro starch digestibility. Although these factors could explain the 
lower parameter values for waxy Kum Luempua, this study demonstrated that pigmented rice 
cooked by the usual Thai cooking method would realize a lower starch digestibility, which 
could lead to benefits including prevention and management of diabetes (Dona et al., 2010; 
Fuentes-Zaragoza, Riquelme-Navarrete, Sánchez-Zapata, & Pérez-Álvarez, 2010).  
Regarding the change of bioactive compounds during in vitro digestion, previous 
studies (Mosele, Macià, Romero, & Motilva, 2016; Ti et al., 2015) have shown that phenolic 
compounds such as gallic acid can tolerate the neutral conditions in the small intestine. 
However, an interaction between a protein and chemical bonds of phenolic compounds can be 
broken down by digestive enzymes. Thus, the phenolic compounds must be released from 
pigmented rice tissues during the small intestinal phase of in vitro digestion. As a result, the 
total phenolic contents for the intact grains were slowly increased rather than those of their 
slurries, as shown in Figure 2.3a, b. In contrast, it was shown that the total anthocyanin contents 
suddenly decreased when the small intestinal phase had begun (Figure 2.3c, d) because 
anthocyanins are unstable under neutral and alkaline conditions (Kopjar, Piližota, Šubarić, & 
Babić, 2009; Sancho, Pavan, & Pastore, 2015). Besides, a previous study (Podsędek, Redzynia, 
Klewicka, & Koziołkiewicz, 2014) has demonstrated that transformation of the flavylium 
cation form to the chalcone and carbinol pseudobase may cause a decrease in the total 
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anthocyanin content during small intestinal digestion. However, the difference in the total 
anthocyanin content between the grain and slurry for Hom Nin revealed that the grain structural 
attributes can influence the anthocyanin substances. The structure of the slurry was disrupted 
by mechanical force leading to cell damage so that anthocyanins could be easily leached out 
from pericarp tissue and incorporated with digestive enzyme easily. On the contrary, this did 
not occur in the intact grain thus anthocyanin content might not elute from tissue into the 
supernatant. This agreed with the study of Vázquez-Gutiérrez et al. (2013). It reported that 
disruption of cell membrane of onion by the high-pressure processing resulting to the release 
of phenolic compounds from tissue and contributes enzymes interact with the target site. 
Because bioactive compounds have antioxidant activities, the total anthocyanin content 
is related to the change of DPPH-radical scavenging activity and the FRAP value during in 
vitro digestion. In particular, the change of DPPH-radical scavenging activity during in vitro 
digestion has been reported by previous studies (Chen et al., 2016; Correa-Betanzo et al., 2014; 
Sun, Huang, Cai, Cao, & Han, 2015) that investigated changes of bioactive compounds and 
antioxidant activity of purple rice and various types of fruits during in vitro digestion. These 
reports demonstrated that a positive correlation between total anthocyanin content and DPPH-
radical scavenging activity exists; the activity was reduced in the simulated small intestinal 
phase in comparison with the gastric phase. The changes in the FRAP values of the slurries 
(Figure 2.4d) indicated such a reduction at the simulated small intestinal phase; however, the 
intact grain samples showed continuously increasing FRAP values during in vitro digestion 
(Figure 2.4c). This result might be due to homogenization of the grain because some bioactive 
compounds mainly exist in the pericarp and remain after cooking. The slurry state lost such 
structural characteristics and most compounds were exposed to outer circumstances, thus it 
would be more oxidizable compared to that of the intact grain. Kum Luempua might contain 
such specific bioactive compounds. In a previous study (Li, Deng, Liu, Loewen, & Tsao, 2014) 
regarding antioxidant activities during in vitro digestion, the FRAP value during the simulated 
small intestinal phase showed a lower activity compared with the gastric phase. In contrast, 
some studies (Bouayed, Hoffmann, & Bohn, 2011; Chen et al., 2016) have reported that the 
FRAP value increases during in vitro digestion in both the gastric and small intestinal phases. 
These facts indicate that various factors influence the antioxidant activity, including acid-base 
reactions as well as interactions between bioactive compounds and other dietary components 
released during digestion such as minerals, dietary fiber, and protein (Bouayed et al., 2011). In 
this study, the grain morphological attributes could be related to the change of antioxidant 
activities during human digestion, such as the timing of bioactive compound release from the 
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grain tissue, as shown by the FRAP value changes for Kum Luempua (Figure 2.4c, d), which 
was cooked by steaming. This finding meant that the antioxidant activity in the small intestine 
is affected by processing and/or mastication. 
 
2.5 Conclusion 
 The morphological grain attributes were related to differences not only of bioactive 
compound concentrations during cooking but also the timing of release of starchy and bioactive 
compounds from the grain tissue during digestion, which should be related to the true 
antioxidant activities in the mucosal layer of the gut tract. Meanwhile, the impact of mastication 
and processing should be investigated and integrated in future studies. 
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CHAPTER 3 
Comparison between microwave-cooking and steam-cooking on 
starch properties and in vitro starch digestibility of cooked 
pigmented rice  
 
3.1 Introduction 
Starch is abundant in all cereal crops, such as rice, wheat, and barley, and generally 
consists of amylose and amylopectin (Singh, Dartois, & Kaur, 2010). Starch digestion is a 
complex process that occurs mainly in the small intestine. The rate of starch digestion depends 
on the enzymes and reaction conditions used to catalyze the hydrolysis (Dona et al., 2010). 
According to the rate of glucose release and its absorption in the gastrointestinal tract, starch 
is categorized as rapidly digestible starch, slowly digestible starch, and resistant starch (RS).  
RS is defined as the fraction of starch that resists digestion in the upper gastrointestinal 
tract and then passes to the colon where it is fermented by the microflora, providing colonic 
health benefits (Utrilla-Coello et al., 2011). There are five sub-categories of RS, which are 
classified according to the chemical and physical properties, but each has similar resistance 
characteristics.  
Findings suggest that the greater the RS content, the slower the digestion and the lower 
the glycemic response. Rice contains RS5 (Kumar et al., 2018). Moreover, a previous study 
(Kim et al., 2006) regarding the RS content of different rice cultivars, revealed that the type of 
rice, processing, and cooling affect the starch retrogradation of cooked rice and encourage the 
formation of RS3. However, other intrinsic and extrinsic factors influence the starch 
digestibility, including the starch granule structure, the interaction between starch and other 
components, as well as food processing (Bi et al., 2017; Shumoy & Raes, 2017). Starch 
granules generally consist of both amorphous and crystalline regions. Starch crystallinity is 
characterized by the arrangement of external unbranched and single-branched chains of 
amylopectin that form single helices, double helices, and crystalline clusters. The single helices 
exhibit the V-type crystalline structure, which arises from the formation of amylose–lipid 
complexes (Witt et al., 2012). The double helices can be characterized as A-, B-, and C-type 
crystals. Among these crystalline polymorphs, A-type structures exhibit high susceptibility to 
enzymatic digestion, followed by C- and B-type structures, respectively (Bi et al., 2017). 
Earlier research confirmed that the high content of A-type crystals, found in some types of 
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banana starch (Bi et al., 2017) and rice starch (Kang et al., 2011), is related to an increase in 
the starch hydrolysis rate of the samples. However, these double helices structure could be 
destroyed during starch gelatinization, simultaneously, free lipids molecule in the grains would 
form the helical inclusion complexes with amylose (Zobel, 1988). Besides, other predominant 
factors controlling the in vitro digestion are the food characteristics, and the type and 
concentration of enzymes present (Hur et al., 2011). 
Rice is well recognized as a staple food for humans worldwide, and it is usually eaten 
cooked. Conventional methods for cooking rice are electric rice cooking and steam-cooking 
techniques (Bhattacharya, 2011). However, today’s fast-paced and stressful lifestyle is 
affecting the habits of most people, including their eating behavior. Application of new 
processes that contribute to healthy foods has received considerable attention. Among them, 
microwave-cooking is highly popular because of its high heating rate, more uniform heating, 
the significant reduction in cooking time, safe handling, and, moreover, the maintenance of the 
nutrition and cooking quality of food compared with conventional cooking methods 
(Chandrasekaran, Ramanathan, & Basak, 2013). Hence, this study examines the effect of 
cooking methods on the cooked rice qualities and starch hydrolysis during in vitro digestion. 
 
3.2 Materials and methods  
3.2.1 Sample  
Three cultivars of unpolished Thai pigmented rice, including two non-waxy rice 
cultivars, cv. Hom Nin (black rice; Pensook Co., Bangkok, Thailand) and cv. Red Hommali 
(red rice; Smile Rice Brand, Chaiyaphom, Thailand), and one waxy rice cultivar, cv. Kum 
Luempua (purple rice; Smile Rice Brand) were selected for this study. All pigmented rice 
cultivars were kept at 4 °C before analysis. 
 
3.2.2 Preparation 
All rice cultivars were soaked in distilled water at 1:4.5 ratio (rice:water, w/v) at 10 °C 
for 19 h. Soaked rice was then cooked by microwave-cooking and steam-cooking, respectively. 
 
3.2.2.1 Microwave-cooking 
All soaked rice was placed in a ceramic container and cooked at 600 W for 12 min, 
using a microwave oven (MRO-DF6, Hitachi, Japan). Cooked rice grain was compressed 
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between two glass slides to verify the cooking was complete. Cooked rice that contained no 
white core was defined as fully gelatinized and completely cooked. Once cooked, the rice was 
incubated at 30 °C for 30 min to equilibrate the moisture throughout the rice grain. 
 
3.2.2.2 Steam-cooking 
The soaking water of all rice cultivars was drained, and the remaining soaked rice grain 
was cooked by using an electric steamer for 25 min for non-waxy rice, and 40 min for waxy 
rice, respectively. As described above (section 3.2.2.1), once complete cooking was verified, 
the samples were equilibrated. 
 
3.2.2.3 Cooked rice analyses and slurry preparation 
The morphological structure (section 3.2.3) and attributes of the cooked rice grains 
(sections 3.2.4–3.2.7) obtained by both cooking methods were analyzed, and the homogenized 
slurries were prepared for simulated in vitro starch hydrolysis by blending for 2 min using a 
household blender (THM310, Tescom, Tokyo, Japan). 
 
3.2.3 Morphological structure 
Based on an earlier procedure (Tamura & Ogawa, 2012), uncooked and cooked rice 
grain were fixed in 10% formaldehyde and gradually dehydrated by soaking in ethanol of 
increasing concentrations. The dehydrated sample was embedded in a paraffin block and then 
sectioned into 20-µm-thick slices by using a microtome (SM2000R, Leica, Wetzlar, Germany) 
equipped with disposable blades (S35-type, Feather, Osaka, Japan). The remaining paraffin 
surrounding the sectioned sample was removed by immersion in hot lemosol reagent, and the 
section placed on a glass slide and then mounted in an immersion reagent (MP500) and covered 
with a glass coverslide. The morphological grain structure was observed under a fluorescent 
stereomicroscope (MZ-FLIII, Leica) attached to a digital camera (DS-5M, Nikon, Tokyo, 
Japan). 
  
3.2.4 Moisture content 
Approximate 10 g of cooked rice was weighed into an aluminum moisture can and 
oven-dried 135±2 °C for 24 h, and then left to cool. The moisture content (wet basis) was 
calculated according to the standard method of the Association of Official Analytical Chemists 
(AOAC, 1995). 
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3.2.5 Total starch and resistant starch (RS) content 
Cooked rice was freeze-dried using a freeze dryer (FDU-1100, Tokyo Rikakikai Co. 
Ltd., Japan), ground, and sieved into a fine powder. Cooked rice powders (100±5 mg) were 
weighed into a screw-capped tube and incubated with 4 mL of pancreatic amylase enzyme (10 
mg/mL) containing amyloglucosidase (3U/mL) in a shaking water bath at 37 °C, for exactly 
16 h. The supernatant and pellet of incubated samples were separated for determining the total 
starch and RS contents by using RS assay kits (K-RSTAR 02/17, Megazyme International, 
Wicklow, Ireland). 
 
3.2.6 Simulated in vitro digestion 
An in vitro static digestion model was used to simulate the starch hydrolysis of cooked 
rice. The in vitro digestion was divided into simulated gastric and simulated small intestinal 
stages, according to Dartois et al. (2010). Cooked intact rice grains and their homogenized 
samples (4% starch content) were transferred to the in vitro reactor that maintained the 
temperature at 37 °C, and continuously agitated by magnetic stirring. The pH was adjusted to 
around 2.00±0.02, and the supernatant of the undigested sample was collected at 0 min. 
Simulated gastric fluid was then added to initiate simulated gastric phase digestion, which 
maintained the pH of 1.20±0.02. After 30 min of simulated gastric digestion, the pH of the 
solution was adjusted to around 6.00±0.02, and then simulated small intestinal fluid was added 
to initiate the simulated small intestinal digestion. The pH of this stage was maintained at 
6.80±0.02, and the sampling was performed until 2 and 12 h for homogenized and intact grain 
samples, respectively. The glucose content in the supernatants collected during simulated in 
vitro digestion was measured using D-glucose assay kits (GOPOD Format K-GLUK 07/11, 
Megazyme International). The result was calculated and expressed as the starch hydrolysis 
percentage as described in the equation below: 
 
%SH = Sh/Si = 0.9 × Gp/Si 
 
where %SH is the starch hydrolysis percentage, Sh is hydrolyzed starch, Si is the amount of 
initial starch, and Gp is the amount of glucose produced. This study used a conversion factor 
of 0.9, calculated from the ratio of the molecular weight of the starch monomer-to-the 
molecular weight of glucose (162/180) (Goñi et al., 1997). 
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 In addition, the kinetics of starch hydrolysis were also calculated using the following 
first-order equation model (Goñi et al., 1997): 
 
C = C∞ (1 - exp-kt) 
 
where C is the percentage of starch hydrolysis at time t (min), C∞ is the percentage of 
equilibrium starch hydrolysis during simulated in vitro digestion, and k is the kinetic constant 
(min-1). 
 
3.2.7 X-ray diffraction (XRD) 
Cooked rice grains before in vitro digestion, and during simulated gastric digestion (at 
30 min) and simulated small intestinal digestion (at 120, 360, and 480 min, respectively) were 
collected, and then freeze-dried (FDU-1100 freeze dryer, Tokyo Rikakikai Co. Ltd.). Freeze-
dried samples were individually crushed by mortar and pestle before passing through a 250-
µm sieve. The X-ray diffraction pattern (XRD) of each sample was obtained using an X-ray 
diffractometry instrument (MiniFlex 300/600; Rigaku Co. Ltd., Tokyo, Japan) under the 
following conditions: 40 kV and 15 mA with Cu Kα radiation. The diffractogram was scanned 
from 3 to 40° (2θ) at the rate of 0.02°/min. The degree of crystallinity of individual samples 
was calculated by dividing the crystalline peak areas by the total diffractogram area (Donlao, 
Matsushita, & Ogawa, 2018). 
 
3.2.8 Statistical analysis 
All analyzed data are presented as mean ± standard deviation. Two-way analysis of 
variance (ANOVA) was performed to analyze the effect of variables on each parameter, and 
the difference among means was identified by using Duncan`s multiple range test, with the 
assistance of SPSS software version 20.0 (IBM corporation, Westchester, NY). The confidence 
level of 95% (P<0.05) indicated a significant difference. Igor Pro software version 4.01 
(Hulinks Inc., Tokyo, Japan) was applied to analyze the kinetics of starch hydrolysis. 
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3.3 Results and discussion  
3.3.1 Rice morphological structure 
Figure 3.1 shows the morphological image of uncooked, microwave-cooked, and 
steam-cooked rice. No visible cell wall disruption in the sectioned image of uncooked rice 
grain (Figure 3.1a-c), howerver, many cracks and voids were presented inside the cooked grain 
(Figure 3.1d-i) that varied in size and number among the rice cultivars. A high heating 
temperature during cooking facilitates the penetration of water from the exterior surface to the 
internal cell wall, causing expansion of the rice grain, evidenced as cracks and visible cell wall 
disruption (Horigane et al., 1999). Apart from internal cell wall disruption, there was more 
damage to the exterior layer of microwave-cooked rice (Figure 3.1d–f) than steam-cooked rice 
(Figure 3.1g–i), particularly in Hom Nin (Figure 3.1d) and Kum Luempua cultivars (Figure 
3.1f). The result was consistent with Zhong et al. (2013), who reported that microwave 
treatment caused the explosion of the outer layer of the brown rice kernel, separating it from 
the internal tissue. Furthermore, the presence of moisture or water caused dielectric heating 
during microwave-cooking; consequently, moisture inside the grain tried to move toward the 
surface. However, the pericarp layer of brown rice could act as a barrier against moisture 
evaporation, leading to an explosion of the outer layer of the rice grain (Chandrasekaran et al., 
2013; Zhong et al., 2013). On the contrary, gradual absorption of vaporized water by rice grain 
through cracks formed on the surface regions during steaming would affect the expansion of 
void spaces inside the cell wall, but preserve the exterior layer of the grain (Stapley, Hyde, 
Gladden, & Fryer, 1997; Xu et al., 2019). In a recent investigation comparing the application 
of high-pressure steam at varying pressure levels with conventional steam for rice cooking, it 
was confirmed that the steaming method led to an increase in pore size (expansion of voids) 
and thickness of the sponge-like texture of the external layer, and the loss of the internal 
structure of cooked rice (Xu et al., 2019). However, conventional steam did not cause an 
explosion of the external layer of cooked rice, indicating that different cooking conditions, such 
as cooking time, temperature, and method, influence the grain morphological structure. 
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Figure 3.1 Morphological structure of uncooked and cooked pigmented rice.Uncooked Hom 
Nin (a), Red Hommali (b), and Kum Luempua (c). Microwave-cooked Hom Nin (d), Red 
Hommali (e), and Kum Luempua (f). Steam-cooked Hom Nin (g), Red Hommali (h), and Kum 
Luempua (i). Scale bar = 1 mm. 
 
3.3.2 Starch attributes of cooked rice 
According to Table 3.1, the moisture content was higher in microwave-cooked rice than 
steam-cooked rice (P<0.05), which both cooking method and rice cultivar showed significant 
influence on the moisture content (Shown in Table 3.2). Different moisture content of cooked 
rice could be related to water migration toward the internal grain during soaking and cooking, 
as observed from the amount of visible cell wall disruption of cooked rice (Figure 3.1). Excess 
water surrounding the rice grain would migrate into the internal cell, facilitated by the high 
heating temperature during microwave-cooking. This phenomenon contrasts with the steam-
cooking method that applied vaporized water for cooking. Consequently, the different amounts 
of cooking water would be one factor affecting the moisture content of cooked rice grain. 
Likewise, Tamura and Ogawa (2012) affirmed that an increase in the moisture content (%) of 
cooked rice corresponded to an increase in the amount of cooking water. Besides the moisture 
content (%), the different cooking methods also had significant effect on the total starch content 
(%) of cooked rice (Table 3.2), with the steaming approach resulting in significantly higher 
total starch contents (%) in comparison to microwave-cooking (Table 3.1). Regarding the 
relation of leached starch materials with texture and structure of cooked rice, Yang et al. (2016) 
attested that leaching of starch materials is associated with the structural damage of cooked 
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rice. Substantial cell wall disruption at the external rice surface would increase the leaching 
materials from the internal grain, which is facilitated by high heating temperatures (Yang et al., 
2016). Therefore, in comparison, less exterior layer disruption of cooked rice using an electric 
steamer could preserve a greater amount of total starch. However, no significant difference in 
the RS content (%) was found between the cooking methods (P>0.05), but there was an 
outstanding difference observed among the rice cultivars (Table 3.1 and 3.2). The three 
pigmented rice cultivars examined, contain different amounts of amylose (%), with cooked 
Hom Nin and Red Hommali cultivars having higher amylose contents (%) than cooked Kum 
Luempua cultivar (Thuengtung, Niwat, Tamura, & Ogawa, 2018). Generally, a high amylose 
(linear starch polymers) content promoted internal cross-linking through hydrogen bonds, 
which are involved in the re-crystallization process of rice after cooking and cooling, leading 
to an increase in the RS content (Singh et al., 2010). Therefore, the result of this study 
demonstrated that the RS content (%) would be affected by different rice characteristics rather 
than the type of cooking method. 
 
Table 3.1 Moisture content, total starch content, and resistant starch content of cooked 
pigmented rice. 
Different superscripts mean significant difference (P<0.05) of each rice cultivar between two 
cooking methods (Mean±SD; n=4-5). 
 
 
 
 
 
Rice sample 
Cooking 
method 
Moisture 
content (%) 
Total starch 
content (%) 
Resistant starch 
content (%) 
Hom Nin 
Microwave 67.26±0.46a 71.44±0.75bc 0.1285±0.01b 
Steaming 52.69±0.49c 75.15±2.88a 0.1180±0.02b 
Red 
Hommali 
Microwave 60.70±0.33b 73.76±1.25ab 0.1831±0.03a 
Steaming 52.85±0.54c 74.65±1.52a 0.1750±0.04a 
Kum 
Luempua 
Microwave 60.54±1.19b 71.23±2.09c 0.0852±0.01c 
Steaming 53.68±1.20c 74.46±1.69a 0.0801±0.01c 
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Table 3.2 The effect of variable on moisture content (MC), total starch content (TS), and 
resistant starch content (RS) by using two-way ANOVA. 
Variable MC TS RS 
Rice cultivars ** ns ** 
Cooking methods ** ** ns 
Rice cultivars*cooking methods ** ns ns 
** Significant effect of variable on parameter at the 0.01 level (P<0.01). 
“ns” means no significant effect of variable on parameter. 
 
The results of the degree of crystallinity and XRD pattern of microwave-cooked and 
steam-cooked rice are compared in Figure 3.2. Although the XRD patterns were similar for 
each cooked rice irrespective of the cooking method, the type of cooking process influenced 
the degree of crystallinity. Both cooked Hom Nin and Red Hommali cultivars exhibited the 
diffraction peak at 13 and 20° (2θ), indicating Vh-type starch crystallinity in both microwave 
and steaming methods, whereas, there was no crystalline peak evident in the XRD of cooked 
Kum Luempua for both cooking methods. This behavior might be related to the interaction 
between amylose starch and lipid that existed inside or at the surface of rice grain, whereby the 
hydrocarbon chain of lipids could form the helical inclusion complex with amylose starch 
during cooking (Rewthong, Soponronnarit, Taechapairoj, Tungtrakul, & Prachayawarakorn, 
2011; Zobel, 1988). This formation of amylose–lipid complexes is considered as the key 
parameter influencing the increase in RS and the resistance of the starch granules to digestive 
enzymes (Guha et al., 2011), which could be recognized as Vh-type crystalline structures in the 
XRD pattern (Donlao et al., 2018). However, Kum Luempua cultivar, characterized as waxy 
rice, exhibited a low amylose content (Witt et al., 2012), and this could explain why no 
crystalline structure was found in cooked Kum Luempua rice. 
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Figure 3.2 X-ray diffraction pattern of three different pigmented rice cooked by microwave 
and steam-cooking. Data in brackets indicate the type and degree of crystallinity. ND = not 
detected. 
 
3.3.3 Enzyme susceptibility of cooked rice grains and their homogenized slurries during 
in vitro digestion  
Figure 3 displays the extent of starch hydrolysis during in vitro digestion of the 
microwave-cooked and steam-cooked rice grains and the homogenized slurries, respectively. 
Starch could not be digested during 30 min of simulated gastric digestion, whereas a dramatic 
increase in starch hydrolysis was observed during simulated small intestinal digestion. The 
rapid rise in starch hydrolysis could be due to the presence of pancreatic α-amylase in the 
simulated small intestinal fluid that hydrolyzes the starch polysaccharides into 
monosaccharides (Dona et al., 2010). Observation of the grain samples (Figure 3.3a and b) 
revealed gradual hydrolysis of starch until it reached the equilibrium state within 720 min. In 
contrast, in the homogenized slurry samples (Figure 3.3c and d), approximately 50% of the 
starch was digested in the first 5 min of simulated small intestinal digestion and reached 
equilibrium state within 120 min, an increase of around 10-fold that of the grain samples. 
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Generally, the pericarp and aleurone layers of brown rice grain would be a barrier against 
enzyme accessibility to the internal grain, whereas the amorphous nature of the homogenized 
slurry samples would decrease the particle size of cooked rice, thereby increasing the 
susceptibility of the starch to amylase enzyme (Dhital, Bhattarai, Gorham, & Gidley, 2016; 
Ogawa et al., 2018). Similarly, Tamura et al. (2016) demonstrated that the starch particles of 
the homogenized slurry were unpacked and easily accessible to digestive enzymes, and, 
consequently, most of the starch was degraded in the first 5 min of simulated small intestinal 
digestion. This result indicated that the different structural attributes of cooked rice would 
affect the enzyme diffusion, as reflected in the digestion rate and time. 
 
 
Figure 3.3 Starch hydrolysis rate during in vitro digestion of rice grains and their homogenized 
slurries pretreated by microwave-cooking (a, c) and steaming-cooking (b, d). 
 
3.3.4 Effect of cooking method on the kinetics of starch digestion of cooked rice during in 
vitro digestion 
The first-order equation of the exponential model described by Goñi et al. (1997) was 
applied to calculate the equilibrium starch hydrolysis percentage (C∞) and kinetic constant (k), 
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shown in Table 3.3. When the two cooking methods were compared, the C∞ was seen to be 
higher in the microwave-cooked rice grain and homogenized slurry samples than the steam-
rice grains and slurries (P<0.05), except Kum Luempua cultivars of cooked homogenized 
slurry (P>0.05). Likewise, the statistical analysis using two-way ANOVA (Table 3.4) also 
confirmed that applying of different cooking method and rice cultivar affected the C∞ of cooked 
rice. Normally, the extent of starch hydrolysis is predicted considering several factors, such as 
the amount of RS, the type of crystallinity, the arrangement of the crystalline and amorphous 
regions in the starch granule, the structures of the amylose and amylopectin, and the size of the 
regions containing both crystalline and amorphous lamella (Shi & Gao, 2011; Shumoy & Raes, 
2017). The more the RS content and degree of crystallinity, the slower the starch digestibility 
in food materials (Bi et al., 2017; Shi & Gao, 2011). However, the current study showed no 
significant difference in the RS content (shown in Table 3.1) between the two cooking methods 
(P>0.05). Notwithstanding, based on the degree of crystallinity observed from the XRD pattern 
of cooked rice grain during in vitro digestion (Figure 3.4), the microwaved rice grains had 
similar crystalline patterns to each other (Figure 3.4a, c, and e) during simulated 
gastrointestinal digestion. Specifically, the Vh-type starch crystallinity of cooked Hom Nin 
(Figure 3.4a) and cooked Red Hommali (Figure 3.4c) decreased during in vitro digestion, 
especially at 360 min of simulated small intestinal digestion. In contrast, steam-cooking 
appeared to change the crystalline structure and increase the degree of crystallinity, with the 
XRD pattern tending toward increasing Vh-type starch granule formation during in vitro 
digestion (Figure 3.4b, d, and f). However, the particular observation demonstrated that degree 
of crystallinity of steam-cooked Red Hommali (Figure 3.4d) was decreased at 480 min of 
simulated small intestinal digestion. One hypothesis that may related the reduction of 
crystallinity is interference from other compositions contained in rice flour sample such as 
proteins and some minerals. During the digestion time, rice structure could be disrupted by 
digestive enzyme, resulting releasing of its macronutrints and micronutrients. Concequently, 
some leached macronutrient like protein led tightly bound between protein and starch which 
could interrupt the amylose-lipid complexes, resulting in decrease Vh-type crystallinity and 
lack of distinct signal of the crystallinity on XRD pattern (Yang & Chang, 1999). Nevertheless, 
the presence of Vh-type crystallinity due to amylose–lipid complexes during in vitro digestion 
could be related to the resistance to digestive enzymes, resulting in low starch digestibility 
(Donlao et al., 2018). Hence, increasing the degree of Vh-type crystallinity during simulated 
small intestinal digestion of Hom Nin (Figure 3.4b) and Red Hommali (Figure 3.4d) (both at 
360 min) and Kum Luempua (Figure 3.4f) (at 480 min) by steam-cooking the rice, might justify 
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the lower percentage of equilibrium starch hydrolysis compared with microwave-cooked rice, 
despite the lack of significant difference in the kinetic constant (k) between the cooking 
methods (P>0.05). 
 
Table 3.3 Equilibrium starch hydrolysis (C∞) and kinetic constant (k) of three pigmented rice 
grains and their respective slurries. 
Different superscripts in column indicate a significant difference (P<0.05) in each rice cultivar 
between the two cooking methods (mean±SD; n = 3). Superscript “ns” indicates no significant 
difference (P>0.05). 
 
Table 3.4 The effect of variable on equilibrium starch hydrolysis (C∞) and kinetic content of 
starch hydrolysis (k) by using two-way ANOVA.   
Variable C∞ k 
Rice cultivars ** ns 
Cooking methods ** ns 
Rice cultivars*cooking methods ** ns 
** Significant effect of variable on parameter at the 0.01 level (P<0.01). 
 “ns” means no significant effect of variable on parameter. 
Cooking 
method 
Grain  Homogenized slurry  
C∞ (%) k (min-1) C∞ (%) k (min-1) 
Hom Nin   
Microwave 86.85±2.14a 0.0058±0.00ab 75.43±1.87a 0.2755±0.01ns 
Steaming 68.40±1.79cd 0.0057±0.00ab 68.74±0.52bc 0.2396±0.02ns 
Red Hommali   
Microwave 86.72±4.66a 0.0051±0.00ab 65.31±1.03c 0.3156±0.03ns 
Steaming 78.64±3.16b 0.0051±0.00b 58.70±3.23d 0.2044±0.05ns 
Kum Luempua   
Microwave 70.33±0.91c 0.0050±0.00b 69.83±3.13b 0.2686±0.09ns 
Steaming 64.56±2.01d 0.0061±0.00a 71.57±2.96ab 0.2873±0.10ns 
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Figure 3.4 X-ray diffraction patterns of cooked pigment rice grain during in vitro digestion. 
Hom Nin (a, b), Red Hommali (c, d), and Kum Luempua (e, f) pretreated by microwave-
cooking (a, c, e) and steam-cooking (b, d, f). Data in brackets indicate the type and degree of 
crystallinity. Sample was collected at 30 min of simulated gastric stage (G30), and 120, 360, 
and 480 min of simulated small intestinal stage (I120, I360, and I480), respectively. ND = not 
detected. 
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3.4 Conclusion  
The application of microwave for rice cooking caused substantial damage to the cooked 
rice morphological structure when compared with steam-cooking, but the extent of the 
disruption varied among the rice cultivars. Extensive structural damage at the exterior layer 
facilitated the diffusion of excessive amounts of water toward the internal grains and 
encouraged the leaching of starch material from the internal cell wall structure, as indicated by 
the moisture content and total starch content of cooked rice, respectively. Such changes 
accelerated the starch hydrolysis rate during simulated in vitro digestion, wherein the 
percentage of equilibrium starch hydrolysis of each cooking method was related to the degree 
of crystallinity change during in vitro digestion rather than the RS content. 
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CHAPTER 4 
Comparative study of conventional cooking and microwave 
cooking on pigmented rice texture and their phenolic antioxidant  
 
4.1 Introduction  
 Pigmented rice can be characterized into groups of black, purple, and red rice, 
distinguished by the color existed in pericarp layer of rice grain (Sompong et al., 2011). They 
are generally known to exhibit several bioactive compounds especially phenolic compounds, 
which possess numerous beneficial effects to our health such as antioxidant activity, anti-
inflammatory, and reduce the risk of chronic diseases (Bhawamai, Lin, Hou, & Chen, 2016; 
Chatthongpisut, Schwartz, & Yongsawatdigul, 2015; Zhang et al., 2015). 
 According to phenolic compounds, over 10,000 phenolic structures has been classified 
depending on the number of phenol rings (Thuengtung & Ogawa, 2019). They are known as 
the secondary metabolites of plants that possess one or more aromatic rings connected with 
one or more hydroxyl groups (Dai & Mumper, 2010). However, Anthocyanins, a group of 
flavonoids, has been reported as a major phenolic compound found in pigmented rice which 
located in aleurone layer (Walter & Marchesan, 2011). Anthocyanins are water-soluble 
compounds that would be easily lose during processing in term of both thermal and non-
thermal processing (Norkaew et al., 2017; Patras, Brunton, O'Donnell, & Tiwari, 2010; Siah, 
Wood, Agboola, Konczak, & Blanchard, 2014). In particular, thermal processing such as 
cooking, drying, blanching, and pasteurization has been reported to be the major impact on the 
loss of anthocyanins and other phenolic compounds (Hiemori et al., 2009; Patras et al., 2010). 
Many recent studies have been showed that high heating temperature of cooking influence on 
degradation of anthocyanins and other phenolic compounds in pigmented rice as well as their 
antioxidant capacities (Bhawamai et al., 2016; Surh & Koh, 2014; Zaupa, Calani, Del Rio, 
Brighenti, & Pellegrini, 2015). Likewise, some study indicated that these phenolic compounds 
could be lose from the food materials since soaking process, and then further degraded during 
cooking (Siah et al., 2014).  
 Rice is generally consumed as completely cooked by using conventional cooking 
methods (e.g. rice cooker, steaming, and boiling) and advanced technologies (e.g. microwave 
and autoclaving).  These different cooking methods did not affect only the change of bioactive 
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compounds and other chemical properties of cooked rice, but they would have an effect on the 
physical properties as well (Rewthong et al., 2011; Xu et al., 2019). Specifically, texture 
property has been implied as one of predominant parameters to determine the quality of cooked 
rice and other food materials, which would be influencing the consumer acceptance (Chen & 
Opara, 2013; Xu et al., 2019). Therefore, the purpose of this research focused on the texture 
attribute, and change of bioactive compounds and antioxidant activity of cooked pigmented 
rice before and during in vitro digestion, comparing between microwave and steaming methods.             
 
4.2 Materials and methods   
4.2.1 Rice sample and preparation 
 Three different cultivars of unpolished Thai pigmented rice include cv. Hom Nin (black 
pigmented non-waxy rice) which was purchased from Pensook Company, Bangkok, Thailand, 
cv. Red Hommali (red pigmented non-waxy rice), and cv. Kum Luempua (purple pigmented 
waxy rice) which were purchased from Smile Rice Brand, Chaiyaphom, Thailand. All 
pigmented rice cultivars were soaked in the ratio of 1:4.5 (rice:water, w/v) at 10 °C for 19 h. 
Soaked rice was cooked by using two different cooking method consisted of microwave and 
steaming methods. In a microwave method, rice with soaking water was transferred into 
microwaveable ceramic pot and then placed in a microwave oven (Hitachi, MRO-DF6, Japan) 
at 600 W for 12 min. Meanwhile, soaking water was drained from soaked rice before applied 
the steaming method. In this method, rice was steamed using a household steamer for 25 min 
of Hom Nin and Red Hommali cultivars, and for 40 min of Kum Luempua cultivar, respectively. 
Both microwave-cooked rice and steam-cooked rice were compressed by using two glass slides. 
No white core contained inside a cooked rice grain can be characterized as fully gelatinized, 
thus completely cooking. Completely cooked rice was incubated at 30 °C for 30 min to 
equilibrate moisture throughout the grain, however, the incubation time was extended to 2 h 
for texture analysis.  
A portion of cooked rice was blended for 2 min using a household blender (THM310, 
Tescom, Tokyo, Japan) to prepare the homogenized slurries for in vitro gastrointestinal 
digestion. 
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4.2.2 Cooked rice texture determination 
 After 2 h of incubation, the fifteen grains of cooked pigmented rice were subjected to 
analyze their firmness and adhesiveness, using a creep meter (RE2-3305S; Yamaden Co. Ltd., 
Tokyo, Japan). Each cooked grain was placed on a baseplate of the creep meter, and 
compressed by a cylindrical probe (Ø30 mm) with speed of 1 mm/sec. The condition was set 
at 90% compression and 0.2 N of trigger force. The texture of cooked rice should be measured 
within approximately 20 min for the propose of maintaining the moisture and their physical 
property (Tamura et al., 2014a). 
 
4.2.3 Sample extraction 
 Cooked rice was freeze dried by using a freeze dryer (FDU-1100, Tokyo Rikakikai Co. 
Ltd., Japan) before extraction. Furthermore, uncooked rice grains and freeze-dried samples 
were ground and passed through a 0.5 mm sieve mesh. Two grams of sample was then extracted 
by 50 ml of 80% (v/v) methanol at ambient temperature for 6 h with continuous shaking, which 
modification from the method of Abdel-Aal, Young, and Rabalski (2006). Extracted sample 
was filtered through a filter paper (Whatman No.1) to obtain the clear supernatant, and then 
kept at 4 °C for further analysis. 
 
4.2.4 Total phenolic content  
 According to the method described by ISO14502-1 (2005), one ml of diluted extracts 
was mixed with 5 ml of 10% (v/v) Folin-Ciocalteu’s phenol reagent and 4 ml of 7.5% (w/v) 
sodium carbonate, respectively. The mixture was left at ambient temperature for 1 h before 
measured the absorbance at 765 nm using gallic acid monohydrate (ACS reagent ≥ 98.0%) as 
a standard. The result was expressed as mg of gallic acid equivalents (GAE)/100 g of dried 
sample. 
 
4.2.5 Total anthocyanins content 
 Determination of total anthocyanins content was performed according to Giusti et al. 
(1999), using a pH differential technique. One part of sample was mixed with four part of two 
buffer reagents include 0.025 M of potassium chloride (pH 1) and 0.4 M of sodium acetate (pH 
4.5). The mixture was allowed to perform the reaction at ambient temperature for 20 min. The 
absorbance was measured at 520 nm and 700 nm, respectively, for reducing the interference 
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from background. The result was expressed as mg of cyanidin-3-glucoside equivalents/L 
sample.  
 
4.2.6 DPPH-radical scavenging activity  
 This assay was performed follow by the method of Molyneux (2004). Briefly, the 
mixture of diluted extracts (50 µl) and 60 µM of DPPH solution (1950 µl) was allowed to 
incubate in the dark condition for 30 min. The mixture was then measured the absorbance at 
517 nm by using methanol and Trolox as blank and standard, respectively. The result was 
expressed as µmol of Trolox equivalents (TE)/100g of dried sample. 
 
4.2.7 Ferric reducing antioxidant power 
 The determination was slightly modified from the method of Benzie and Strain (1999). 
FRAP reagent (300 mM acetate buffer (pH 3.6), 10 mM TPTZ in 40 mM HCl, and 20 mM 
FeCl3) was freshly prepared in the ratio of 10:1:1 (v/v/v), and then 1.3 ml of FRAP reagent 
was mixed with 200 µl of diluted extracts. The mixture was incubated at 37 °C for 30 min and 
the absorbance was measured at 517, using Ferrous sulfate as standard. The result was 
expressed as µmol of Ferrous sulfate (Fe (II)) equivalents/100g of dried sample. 
 
4.2.8 Bioactive compounds and antioxidant activities during in vitro digestion 
In vitro gastrointestinal digestion method was performed following the method of 
Dartois et al. (2010). Cooked rice grain or homogenized slurry in polyethylene net bag was 
added into the reactor jacket that connected to circulatory water bath at 37°C. Then distilled 
water was added to give a final starch concentration of 4% in the mixture. Sample was digested 
in two stages of digestion model, composed of gastric digestion and intestinal digestion, 
respectively. Pepsin enzyme solution was added and maintains pH 1.20±0.02 in gastric 
digestion. After 30 minutes of gastric digestion, intestinal digestion stage was started by adding 
pancreatin solution and maintains pH 6.80±0.02. The supernatant was sampling for bioactive 
compounds (total phenolic content and total anthocyanins content) and antioxidant activities 
(DPPH-radical scavenging activity and ferric reducing antioxidant power) determination until 
2 and 12 h of homogenized slurry and intact grain samples, respectively.  
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4.2.9 Statistical analysis 
 All data were analysis of variance to identify different among means by Duncan’s 
multiple range test. The influence of variables (rice cultivars and cooking methods) on each 
parameter were carried by two-way analysis of variance (ANOVA). In addition, the correlation 
between parameter was analyzed by the Pearson test (2-tailed). All statistical analysis was 
performed using SPSS program (version 20.0; IBM corporation, Westchester, NY).  
 
4.3 Results and discussion 
4.3.1 Cooked rice firmness and adhesiveness 
 
Figure 4.1 Texture property of cooked pigmented rice by microwave and steaming methods; 
cooked rice firmness (a) and cooked rice adhesiveness (b). The different letter showed in graph 
means significant different (P<0.05) between sample.   
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Table 4.1 The effect of variable on cooked rice firmness and adhesiveness, tested by two-way 
ANOVA.  
Variable Firmness Adhesiveness 
Rice cultivars ** ** 
Cooking methods ns ** 
Rice cultivars*cooking methods ns ns 
** Significant effect of variable on parameter at the 0.01 level (P<0.01). 
“ns” means no significant effect of variable on parameter. 
 
 According to Figure 4.1a, firmness of microwave-cooked rice and steam-cooked rice 
could be comparable. However, steam-cooked Kum Luempua showed significant higher 
firmness than microwave-cooked Kum Luempua (P<0.05), whereas this phenomenon was not 
occurred in cooked Hom Nin and cooked Red Hommali. Nevertheless, a two-way ANOVA 
analysis revealed that different cooking method was not significantly affected firmness of 
cooked rice (Table 4.1). In addition, the mechanism on different rice firmness of cooked Kum 
Luempua is not clear. The hypothesis is different leaching amount of amylopectin in Kum 
Luempua cultivar during cooking. Excess cooking water surrounded rice grain during 
microwave method, facilitating high water absorption into rice grain; increasing of water 
absorption during cooking could generated the larger leaching amount of starch composition 
(Tamura et al., 2014a). This occurrence differs from steaming method that required vaporized 
water for cooking. Leached starch composition is generally related to amylose and amylopectin 
content; short-chain amylopectin has been reported as a major composition of leached starch, 
comparing to long-chain amylopectin and amylose (Ong & Blanshard, 1995). Furthermore, the 
earlier research also insinuated that increasing of leached short-chain amylopectin would 
responsible for decreasing of cooked rice firmness (Ong & Blanshard, 1995). In consequence, 
Kum Luempua cultivar, belongs to waxy rice, promoted high proportion of amylopectin (Wani 
et al., 2012), and this might be the reason explaining significant decreasing in rice firmness of 
microwave-cooked Kum Luempua.  
Although cooking methods have no significant impact on cooked rice firmness, 
different rice cultivars found significant effect (Table 4.1). Comparison of cooked rice firmness 
between rice cultivars, regardless of cooking method, found that cooked Red Hommali showed 
higher rice firmness (22.25 to 22.59 N) than cooked Kum Luempua (19.27 to 22.13 N) and 
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cooked Hom Nin (18.33 to 18.62 N), respectively. This may be related to the different structure 
and anatomy between different rice cultivars (Ziegler et al., 2018). 
In the contrary of cooked rice firmness, adhesiveness of steam-cooked rice was found 
significantly lower than that of microwave-cooked rice (Figure 4.1b). Different of adhesiveness 
(i.e. stickiness) has been reported due to different amount of water absorption into rice grain 
during cooking; large amount of water infiltrated to rice grain resulted in enlarging of 
adhesiveness (Tamura & Ogawa, 2012). This previous study could indicate the similar 
phenomenon with above discussion on leached short-chain amylopectin during cooking. 
Leached amylopectin during cooking is believed to accumulate as a viscous coated layer on 
outer surface of cooked rice, leading to increase the adhesiveness (Yang et al., 2016). 
Meanwhile, this phenomenon could not be found in high amylose food materials (Syafutri, 
Pratama, Syaiful, & Faizal, 2016), and thus explaining why waxy rice such cooked Kum 
Luempua demonstrated significantly higher adhesiveness than non-waxy rice (cooked Hom 
Nin and Red Hommali) with the value was varied from microwave method to steaming method. 
Besides, analysis of effect of variables (i.e. rice cultivars and cooking methods) on cooked rice 
adhesiveness affirmed that both rice cultivars and cooking methods have a strong effect on rice 
adhesiveness at confidence level of 99% (Table 4.1).         
 
4.3.2 Bioactive compounds and antioxidant activities of pigmented rice grain 
As seen in Table 4.2, total phenolic content (TPC) and total anthocyanins content 
(TAC) were exhibited in pigmented rice in the range of 637.68 to 914.37 mg/100g dried sample 
and 0.6 to 35.61 mg/L sample, respectively. They were mostly located in Kum Luempua, 
followed by Hom Nin and Red Hommali cultivars, respectively (P<0.05). From this result 
revealed that TAC has correspondence with TPC. The anthocyanins are a sub-class of the 
flavonoids and are recognized as the major phenolic compounds in pigmented rice grains 
(Kushwaha, 2016), which exist mainly in dark-colored grains rather than among pale-colored 
grains (Yodmanee et al., 2011). Their color range can be characterized by the degree of 
hydroxylation in the B-ring of their carbon skeleton; recognized as delphinidin-, cyanidin-, and 
pelargonidin-glycoside forms by providing blue-purple, light purplish-red, and orange-red 
colors, respectively (Glover & Martin, 2012). Furthermore, the previous studies (Abdel-Aal et 
al., 2006; Yao et al., 2010) also confirmed that groups of black-purple rice would contained 
higher total phenolic compounds and total anthocyanins content than groups of red rice, which 
cyaninidin-3-glucoside was the major anthocyanins found in pigmented rice grains with 
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varying the concentration from black-purple colored grains to red colored grains. Thus, since 
the Kum Luempua cultivar (purple rice) exhibited dark reddish extract solutions, it could 
possess significantly greater amounts of bioactive compounds than Hom Nin (black rice) and 
Red Hommali cultivars (red rice) that displayed pink and yellowish–brown extract solutions, 
respectively.   
Phenolic compounds, including anthocyanins, has reported as the powerful antioxidants 
that possess a free radical scavenging activity, protecting the antioxidant defense, and metal 
chelating (Dai & Mumper, 2010). In this study, DPPH-radical scavenging activity (DPPH) and 
ferric reducing antioxidant power (FRAP) which based on hydrogen atom transfer and electron 
transfer reaction, respectively, were applied for measuring the antioxidant activity due to the 
simplicity and reproducibility (Dai & Mumper, 2010; Seo et al., 2013; Sompong et al., 2011). 
The antioxidant activities by DPPH and FRAP methods (Table 4.2) were significant exhibited 
in Kum Luempua cultivar, which higher approximately 1x and 1.5x times than those of Hom 
Nin cultivar and Red Hommali cultivar, respectively (P<0.05). This could be related to the 
concentration of TPC and TAC existed in rice grains, which was in accordance with the study 
of Walter et al. (2013) who reported that there was correspondence between the antioxidant 
activity and the presence of phenolic compounds in rice extracts. Generally, the phenolic 
compounds have been known as a free radical acceptor and/or chain breaker by donating 
hydrogen atoms or electrons from their hydroxyl group to a free radical as well as binding with 
a ferrous ion to reduce a free radical. The capacity would be depended on the number of 
hydroxyl group in molecule and their structural characteristic (Dai & Mumper, 2010; Walter 
& Marchesan, 2011). However, our result demonstrated that FRAP method promotes higher 
antioxidant activity than those of DPPH method in the range of 3 to 4-fold amongst rice 
cultivars. This might be indicated that phenolic compounds contained in pigmented rice grains 
could rather possess the antioxidant effects by electron transfer through the ferric complexes.       
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Table 4.2 Bioactive compounds and antioxidant activities of uncooked pigmented rice. 
Different superscripts in the column mean significant difference (P<0.05) between sample 
(Mean±SD; n=3). 
 
4.3.3 Change of bioactive compounds and their antioxidant activities in cooked pigmented 
rice  
 Considering the bioactive compounds and antioxidant activities of pigmented rice after 
cooking in Table 4.3, found dramatically decreased from uncooked sample (shown in Table 
4.2). The reduction ratio was shown in the range of 2 to 5.1-fold of TPC, 2.9 to 12-fold of TAC, 
1.6 to 6-fold of DPPH, and 2 to 8.5-fold of FRAP, the values were varied amongst rice cultivars 
and cooking condition. The correspondence between deterioration of phenolic compounds and 
anthocyanins with thermal processing like cooking (Surh & Koh, 2014), drying (Norkaew et 
al., 2017), and pasteurization (Pérez-Conesa et al., 2009) has been reported. Normally, the 
water temperature would be raised near boiling temperature during cooking for fully rice starch 
gelatinization (Bhattacharya, 2011; Yu, Turner, Fitzgerald, Stokes, & Witt, 2017). Thus, 
increasing of temperature would affects to open the pyrylium ring of anthocyanins, leading to 
cleave the glycoside linkage and formation of chalcone structure, which would be indicated as 
initial degradation step of anthocyanins (Patras et al., 2010). Besides, other phenolic 
compounds particularly hydrophobic type, has been reported to form the inclusion complex 
with other organic compounds like starch component during cooking, resulting in reduction of 
phenolic compounds (Surh & Koh, 2014). Moreover, the reduction of TPC and TAC during 
cooking would also influence to decrease the antioxidant activities of cooked pigmented rice. 
Our result found consistency with the finding of Gong et al. (2017) who indicated that phenolic 
compounds has responsibility for antioxidant capacity of rice grain. This could be confirmed 
Rice cultivar 
Total phenolic 
content 
(mg GAE/100g 
dried sample) 
Total 
anthocyanins 
content (mg 
cyanidin-3-
glucoside 
equivalents, /L 
sample) 
DPPH-radical 
scavenging 
activity (µmol 
TE/100g dried 
sample) 
Ferric reducing 
antioxidant 
power (µmol Fe 
(II)/100g dried 
sample) 
Hom Nin 807.63±19.02b 12.14±0.11b 3347.38±310.08b 11868.71±343.51b 
Red Hommali 637.68±12.94c 0.60±0.13c 2699.92±84.15c 9005.03±401.77c 
Kum 
Luempua 
914.37±18.17a 35.61±1.44a 3971.70±421.74a 15933.47±517.12a 
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that cooking process is one of the crucial factors influences the degradation of bioactive 
compounds and antioxidant activities in pigmented grains.  
 Furthermore, applying of different cooking process found influencing the bioactive 
compounds and antioxidant activities of cooked pigmented rice as shown in Table 4.4, which 
TPC, TAC, DPPH, and FRAP values of steam-cooked rice were remarkably degraded than 
microwave-cooked rice (P<0.05) (Table 4.3). This would be affected by leaching of 
hydrophilic phenolic compounds from aleurone layer of rice grain into soaking water which 
could be observed from Table 4.5. The leached anthocyanins and other water-soluble phenolic 
compounds in soaking water were accounted for 18 to 51% and 6 to 22%, respectively, varying 
the concentration among the pigmented rice cultivars. Hence, discarding of soaking water 
before steaming could be a factor influences the greater degradation of bioactive compounds 
and antioxidant activities of steam-cooked rice. Similar finding regards the impact of soaking 
process on leaching of phenolic compounds and their antioxidant activities of the legumes has 
been reported (Siah et al., 2014; Xu & Chang, 2008). Moreover, extending the duration of 
cooking has also been identified as a parameter influencing the loss of bioactive compounds 
and their antioxidant ability (Bhawamai et al., 2016; Chuah et al., 2008). Therefore, this could 
be explained why microwave method that applied shorter cooking time could retains more 
bioactive compounds and antioxidant activities of cooked pigmented rice. However, we found 
that the type of cultivar also affected these attributes (Table 4.4). As a result, the phenolic 
compounds and their antioxidant activities mostly existed in cooked Kum Luempua, followed 
by cooked Hom Nin and cooked Red Hommali, respectively (P<0.05).  
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Table 4.3 Bioactive compounds and antioxidant activities of cooked pigmented rice. 
Rice 
cultivar 
Cooking 
condition 
Total phenolic 
content 
(mg GAE/100g 
dried sample) 
Total anthocyanins 
content (mg cyanidin-3-
glucoside equivalents, /L 
sample) 
DPPH-radical 
scavenging activity 
(µmol TE/100g dried 
sample) 
Ferric reducing 
antioxidant power  
(µmol Fe (II)/100g dried 
sample) 
Hom Nin 
Microwave 234.91±6.48b 3.06±0.15c 891.22±15.41b 3233.36±301.34b 
Steaming 185.56±6.20c 1.55±0.04d 678.43±8.54c 2209.89±102.90c 
Red 
Hommali 
Microwave 154.43±2.97d 0.08±0.05e 487.10±37.46cd 1132.35±98.77d 
Steaming 124.61±1.30e 0.05±0.01e 446.64±42.12d 1055.71±18.94d 
Kum 
Luempua 
Microwave 455.34±27.06a 12.17±0.29a 2409.46±231.09a 7972.40±579.82a 
Steaming 231.83±21.67b 3.85±0.31b 954.04±154.14b 3241.23±167.72b 
Different superscripts in the column mean significant difference (P<0.05) between sample (Mean±SD; n=3). 
 
Table 4.4 The effect of variable on total phenolic content (TPC), total anthocyanins content (TAC), DPPH-radical scavenging activity  
(DPPH), and ferric reducing antioxidant power (FRAP) by using two-way ANOVA. 
Variable TPC TAC DPPH FRAP 
Rice cultivars ** ** ** ** 
Cooking methods ** ** ** ** 
Rice cultivars*cooking methods ** ** ** ** 
** Significant effect of variable on parameter at the 0.01 level (P<0.01).
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Table 4.5 Bioactive compounds and antioxidant activities of pigmented rice’s soaking water. 
Different superscripts in the column mean significant difference (P<0.05) between sample (Mean±SD; n=3)
Rice cultivar 
Total phenolic content 
(mg GAE/100g dried 
sample) 
Total anthocyanins content (mg 
cyanidin-3-glucoside 
equivalents, /L sample) 
DPPH-radical 
scavenging activity 
(µmol TE/100g dried 
sample) 
Ferric reducing 
antioxidant power 
(µmol Fe (II)/100g 
dried sample) 
Hom Nin 93.36±3.28b 3.43±0.84b 330.31±35.74b 1366.54±100.40b 
Red Hommali 36.18±2.86c 0.11±0.04c 179.00±13.61c 564.29±29.74c 
Kum Luempua 199.46±1.46a 18.19±1.43a 1219.40±78.98a 4358.32±347.29a 
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4.3.4 Correlation of TPC, TAC, DPPH, and FRAP 
The correlation analysis by the Pearson test was shown in Table 4.6. The strong positive 
correlation was found between TPC and TAC which could be confirmed that anthocyanins is 
the predominant phenolic compound contained in pigmented rice grain. The result was in 
accordance with the report of an earlier research as well (Surh & Koh, 2014). Additionally, the 
bioactive compounds (TPC and TAC) promoted high positive correlation with antioxidant 
activity tested by DPPH and FRAP methods. Specifically, FRAP value was found slightly 
higher positive relation with TPC and TAC than that of DPPH value. This suggested that the 
phenolic compounds possess the great antioxidant potential, which may be favored as ferric 
complex reducing power.         
 
Table 4.6 Pearson correlation of total phenolic content (TPC), total anthocyanins content 
(TAC), DPPH-radical scavenging activity (DPPH), and ferric reducing antioxidant power 
(FRAP) of all pigmented rice cultivars. 
** Correlation is significant at the 0.01 level (P<0.01) (2-tailed). 
 
4.3.5 Change of bioactive compounds and antioxidant activities during simulated in vitro 
digestion 
 Consideration of Figure 4.2a and b, TPC of both microwave-cooked rice and steam-
cooked rice were found increased during simulated in vitro digestion. Although anthocyanins 
was a major phenolic compound in pigmented rice, other phenolic compounds especially 
phenolic acids (e.g. ferulic acid, gallic acid, and ρ-coumaric acid) also found in the rice grain 
(Walter & Marchesan, 2011). Some of these phenolic acid esters has been reported that they 
can be cleaved during the upper gastrointestinal tract, and then converting to the free from of 
phenolic acids which available to digest (Chandrasekara & Shahidi, 2012). Furthermore, the 
 TPC TAC DPPH FRAP 
TPC 1.000 0.772** 0.984** 0.987** 
TAC  1.000 0.782** 0.846** 
DPPH   1.000 0.983** 
FRAP    1.000 
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study of Mosele et al. (2016) guaranteed that increasing of TPC under in vitro digestion was 
associated with the tolerance of some phenolic compounds like gallic acid to the neutral 
condition of small intestine, leading to more releasing of these phenolic during simulated 
digestion. Thus, this may be indicated the increasing of TPC during both simulated gastric and 
small intestinal phase. However, TPC of grain sample (Figure 4.2a) was gradually increase in 
the first 90 min of simulated digestion and then reach consistent, whereas the homogenized 
slurry showed more rapidly increased. In contrast with TPC, the decreasing of TAC was found 
under simulated small intestine (Figure 4.2c and d). This could be due to the sensitivity of TAC 
to the neutral or alkaline condition (Sancho et al., 2015). The transition from acid condition of 
simulated gastric phase to the neutral pH under simulated small intestine, might generate the 
conversion of colored flavylium cation and the secondary structures into the colorless chalcone 
form (Podsędek et al., 2014; Sancho et al., 2015). This mechanism resulted in decreasing of 
TAC under simulated small intestine. In addition, other factors included the oxidation and 
degradation to other chemicals form also have been suggested as parameters affecting the loss 
of TAC during the digestion (Pérez-Vicente, Gil-Izquierdo, & García-Viguera, 2002). Besides, 
different structural characteristic between grain sample (Figure 4.2c) and homogenized slurry 
(Figure 4.2d), revealed influencing the concentration TAC digestibility. Specifically 
microwave-cooked Kum Luempua rice was found outstanding difference of TAC releasing 
during simulated in vitro digestion. This could be due to damaged cell structure of 
homogenized slurry that accelerate digestive enzyme penetration into the target site, resulting 
in greater releasing of active compounds (Ogawa et al., 2018). 
 According to the correlation analysis, positive correlation found between bioactive 
compounds and antioxidant activities. Therefore, this might be explained why digestion trend 
of DPPH in both grain and homogenized slurry (Figure 4.3a and b), FRAP in homogenized 
slurry sample (Figure 4.3d) during simulated in vitro digestion, were found similar to change 
of TAC pattern. Meanwhile, similarity between the digestion trend of FRAP in grain sample 
(Figure 4.3c) and TPC during simulated in vitro digestion was revealed. The controversial 
regards different digestion trend of FRAP between grain sample and homogenized slurry, was 
not clear. However, our assumption is this may be related to the damage of cell structure of 
homogenized slurry, which easily led the released bioactive compounds like anthocyanins 
expose to external surroundings. Thus, resulting in more occurrence of oxidative degradation 
than the grain sample.  
 Because the bioactive compounds and antioxidant activities of cooked rice after 
cooking were significantly found in microwave-cooked rice, comparing with steam-cooked 
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rice (Table 4.3). Therefore, this could be reasonable on explaining why the concentration of 
TPC, TAC, DPPH, and FRAP during simulated in vitro digestion were found in microwave-
cooked rice rather than those of steam-cooked rice (Figure 4.2 and 4.3). Among rice cultivar, 
microwave-cooked Kum Luempua exhibited higher concentration of these bioactive 
compounds and antioxidant activities than the others.               
 
 
Figure 4.2 Total phenolic content (a, b) and total anthocyanin content (c, d) for grain (a, c) and 
slurries (b, d) samples during simulated in vitro digestion. GAE stands for gallic acid 
equivalents. 
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Figure 4.3 DPPH-radical scavenging activity (a, b) and ferric reducing antioxidant power (c, 
d) for grain (a, c) and slurries (b, d) samples during simulated in vitro digestion. TE and Fe (II) 
stand for Trolox equivalent and ferrous sulfate, respectively. 
 
4.4 Conclusion  
 So far as we know, texture is a key parameter determining the cooked rice quality. Our 
result showed that firmness of microwave-cooked rice could be comparable to steam-cooked 
rice, despite they promoted higher adhesiveness.  In addition, this study affirmed that cooking 
process is a critical factor affecting the deterioration of TPC and TAC which also responsible 
for decreasing of antioxidant activities (DPPH and FRAP) in cooked pigmented rice. The 
microwave method could maintain the bioactive compounds and their antioxidant ability of 
cooked pigmented rice before and during simulated in vitro digestion, rather than applying of 
steaming method. Hence, microwave method would be an alternative useful for consumer and 
manufacturer to select the optimum process, for preserving the antioxidant component in 
cooked rice and reducing the cooking time. 
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CHAPTER 5 
General discussion 
 Rice is consumed as a staple food around half of the world’s population, considered as 
the basic source of energy (Kushwaha, 2016; Sompong et al., 2011). There are three main 
compositions of rice grain, consisting of carbohydrate, protein, and lipid. Among them, 
carbohydrate is recognized as a major macronutrient contained in rice endosperm, accounting 
as starch constituent approximately 90% (Arendt & Zannini, 2013). Rice starch is widely 
characterized as non-waxy and waxy rice, determined by the amylose ratio of rice grain. Based 
on this characteristic, pigmented rice grains in this research can be classified into non-waxy 
rice (i.e. Hom Nin and Red Hommali cultivars) that contained apparent amylose content in the 
range of 20-28%, and waxy rice (i.e. Kum Luempua cultivar) which consisted of very low 
amylose content. In Thailand, these pigmented rices have received much interesting for a 
decade due to their functional and therapeutic uses. Moreover, Thailand is considered as the 
ninth position responsible for pigmented rice production, in particular black rice, amongst 
South-eastern Asian countries (Kushwaha, 2016). The pigmented rice is characterized as a 
brown rice that possesses black, dark blue-purple, and reddish colors at the aleurone layer of 
rice pericarp, which these colors have been known to own many bioactive compounds, 
providing beneficial biological effects such as antioxidant properties and reduce the risk of 
chronic diseases (Kushwaha, 2016; Zhang et al., 2015). Furthermore, this research affirmed 
that pigmented rice extracts is a good source of phenolic compounds especially anthocyanins, 
which is known as a predominant phenolic compound existed in pigmented rice (shown in 
Table 4.2). These bioactive compounds also showed strong positive correlation with 
antioxidant activities, measuring by DPPH and FRAP methods (P<0.01) (Table 4.6). Similarly, 
Walter et al. (2013) confirmed that the concentration of phenolic compound has corresponded 
with pericarp color of rice grain, which total phenolic compound was mostly found in dark 
pigmented rice, followed by pale pigmented and non-pigmented rice, respectively. In 
consequence, consumption of pigmented rice might serve as good antioxidant source varying 
by the color existed in pigmented rice.         
 Generally, rice is subjected to cook before consumption, which Thai style cooking 
method usually applies electric rice cooker for non-waxy rice and steaming process for waxy 
rice. All pigmented rice needs to soak in water before cooking, in particular, kind of waxy rice 
is normally soaked for overnight before steam. However, applying of these cooking methods 
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were not affect only cooked rice attributes and their compositions, but also influence the extent 
of starch digestibility and change of antioxidant property during simulated in vitro digestion. 
Kum Luempua cultivar that applied steam-cooking showed higher resistant starch content than 
the others (Table 2.1), which may be due to more change in the starch complex structure during 
steaming (Kim et al., 2006). This occurrence would led to reduce the starch digestibility of 
Kum Luempua rice, resulting in low estimated glycemic index which shown in Table 2.2. The 
low extent of starch digestion and estimated glycemic index would related to reduce the 
postprandial blood glucose level, providing beneficial effects such as reducing the risk of 
cardiovascular disease and prevention of diabetes mellitus (Beulens et al., 2007; Dona et al., 
2010). Nevertheless, longer soaking time of usual Thai steam-cooking along with acid-base 
reaction of simulated gastrointestinal phase might influence higher loss of bioactive 
compounds and antioxidant activities of Kum Luempua rice during simulated in vitro digestion, 
comparing to those of Hom Nin and Red Hommali rice that usually cooked by electric rice 
cooker (Figure 2.3 and 2.4) (Bouayed et al., 2011; Xu & Chang, 2008). 
   Recently, stressful lifestyle of most people affecting the change of their eating 
behavior. Modern cooking style that applies the advanced technologies to promote the healthy 
foods, has received considerable attention. Among them, microwave-cooking is highly popular 
because of its high heating rate, significant reduction in cooking time, safe handling, and 
maintenance of the nutrition and cooking quality of food compared with conventional cooking 
methods (Chandrasekaran et al., 2013). Hence, the impacts of microwave-cooking on cooked 
pigmented rice attributes and change of the nutritional values during simulated in vitro 
digestion has much interesting. In this research, the steam-cooking, one of usual Thai 
conventional cooking method, was selected as a comparative cooking method because it 
showed low extent of starch hydrolysis as mentioned above. In this case, the similar rice 
soaking condition was performed. From the results demonstrated that the excess water 
surrounding the rice grain would migrate into the internal cell, facilitated by the high heating 
temperature during microwave-cooking. This led greater destruction of morphological rice 
structure (Figure 3.1) and moisture content (Table 3.1) than steam-cooking method that applied 
vaporized water for cooking. Likewise, more disruption of rice structure might induce the 
leached starch material from rice grain during cooking, which could be accumulated as viscous 
material coated on the surface of cooked rice (Tamura & Ogawa, 2012; Yang et al., 2016). This 
resulted in significant higher adhesiveness of microwave-cooked rice compared to steam-
cooked rice, despite their cooked rice firmness could be comparable (Figure 4.1). In addition 
to rice attributes, bioactive compounds (TPC and TAC) and antioxidant activities (DPPH and 
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FRAP) of microwave-cooked rice were more retained than those of steam-cooked rice (Table 
4.3), due to different cooking condition and time. The retention of these bioactive compounds 
and antioxidant activities in microwave-cooked rice also affecting the high releasing of these 
compounds and their antioxidant activities during simulated in vitro digestion (shown in Figure 
4.2 and 4.3), by varying the concentration amongst cultivars. However, the result from this 
study revealed that the starch fraction itself like resistant starch content could not always used 
to predict the extent of starch hydrolysis. In vice versa, change of crystallinity in the XRD 
pattern during simulated in vitro digestion might justify the starch hydrolysis rate. Herein, 
steam-cooking enhanced the degree of crystallinity in pigmented rice during simulated small 
intestinal digestion, leading to the lower percentage of their equilibrium starch hydrolysis 
compared to microwave-cooking (Table 3.3). In addition, an earlier study regarding 
investigation of nutritionally important starch fractions of digested rice grains that were cooked 
by several cooking methods (i.e. pressure cooking, boiling, boiling and straining, and 
steaming.), demonstrated that steam-cooking produced the lowest rapidly digestible starch and 
highest slowly digestible starch which contribute to retard starch digestibility (Rashmi & Urooj, 
2003).  
 Although, the effect of cooking method on nutritional value changes during simulated 
in vitro digestion was primary concerned, the different structural characteristic of cooked rice 
(i.e. intact grain and homogenized slurry) might also influence these nutritional changes during 
digestion. This effect was outstandingly observed in the extent of starch hydrolysis during 
simulated in vitro digestion. The intact cell wall of cooked rice grain has impervious to 
digestive enzyme accessibility, comparing with the structure-less of homogenized slurry 
sample. Thus, the starch hydrolysis of rice grain sample during simulated in vitro digestion 
would be more prolonged than that of homogenized slurry sample. This finding could be 
observed in Figure 2.2 and 3.3, which demonstrated the different increasing trend of in vitro 
starch hydrolysis of cooked pigmented rice between grain sample and their homogenized slurry. 
The different rice structural characteristic was not affected only the extent of starch hydrolysis, 
but also influence the timing of bioactive compounds released during the digestion (Figure 2.3, 
2.4, 4.2, and 4.3). Notwithstanding, the acid-base condition and interaction of bioactive 
compounds with the dietary composition would affecting the changes of bioactive compounds 
and antioxidant activities as well (Bouayed et al., 2011). 
 In the conclusion, applying of different rice cooking methods exhibited the different 
effects on cooked rice attribute including their nutritional changes during simulated in vitro 
digestion. Each cooking methods promote their own beneficial effects in term of low starch 
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digestibility or high antioxidant potential. Therefore, this research could serve as useful 
information for consumer to have such an alternative on seeking the rice cooking method, 
which suitable for their lifestyle and requirement. Besides, the consumption of dark pigmented 
grains such kind of black (Hom Nin cultivar) and purple rice (Kum Luempua cultivar) could 
obtained more antioxidant effects than category of red rice (Red Hommali cultivar).  
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